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Introductory. 

HJBtoricfel  Outline :»  Since  the  original  experimente  of 

Joule  and  Thomson     ,   which  were   cerried  out  in  the  years   1852   to 
1862  there  has  been  felt,  en  the  part  of  phyeiciete,    that  owing  to 
their  greet  scientific  and  technical  importance,   their  results  should 
be  repeated,    extended  and  refined  with  use  of  modern  methods  of  meas- 
urement end  with  greater  precaution  as  to  details.       The  gases  with 
which  they  worked  were  air,  nitrogen,   oxygen,   carbon  dioxide  and 
hydrogen. 

Later  Regnault     took  up  the  problem  for  e  while^  abandoning  it 
with  an  expression  of  regret  for  the  time  he  had  wasted  upon  a 
research   'so   sterile'.     For  he  found  he  couM    attach  no  meaning  to 
the  measurements  of  temperature  on  the  low-pressure  side  of  the  plug, 
so  erratic  were  the  results  obteined. 

Again,  Him^     worked  on  steam.       A  number  of  others,   such  as 
Griessmenn^,   Grindley^,  Peake^     and  Dodge       performed  throttling 
experiments  on  stean,   the  first  using  a  porous  plug  very  much  like  that 

of  Joule  and  Thomson  while  the  other  three  used  what  engineers  call  a 

8 
throttling  or  "wire-drRwing  calorimeter".  Their  purpose  was  to 

determine  the  variation  of  the  specific  heat  of  superheated  steam  with 

pressure  and  temperature,  which  has  been  better  done  in  other  ways. 


Cazin     in  187C  published  an  account  of  experiments  which  were 
ectuslly  modifications  of  the  Gay-Lussec   free-expensicn  experiment. 
His   apparatus  wee  complicated  and,   he   admits,   his   results  were  quali- 
tative. 

Natanson^^'  in  1887   described  porous  plug  experiments  en  carbon  diox- 
ide at  20°C     only.       His  pressure-drop  was  about  one   etmosphere  and 
his  highest  absolute  pressure  26  atm. ;   end  between  the  lowest  and 
highest  pressure  he   found  a  decided  dependence  of  the  cooling  effect 
upon  pressure,  whereas  Joule  end  Thomson  had  been  unable  to  detect 
(    up  to  6   atm.)    any  such  effect.       This  dependence   does  net  agree  with 
that  found  later  by  Kester  and  is  in  the  opposite  sense    from  thnt  fo'ond 
for  air  in  the  present  paper.     The  latter  is  hardly  to  be  expected  even 
though  the  gases  are  different. 

Kester       extended  the  work  of  Natanson  to   temperatures  between 
O"  end  100°   finding  also  a  dependence  upon  pressure.     The  results  of 
the  two  observers  are  not  in  agree/aent,   Kester' s  results  at  the  same 
temperature  (   aC*  C  )  being  independent  of  pressure  up  to  the  highest 
pressure,   41  atm.,    that  was  available^ while  the  work  of  Natanson  yielded 
a  positive  pressure  coefficient. 

Olszewski ^"^  performed  experiments,   using  not  a  porous  plug 
but  a  throttle  valve, on  hydrogen  with  a  view  to  determining  its  "inver- 
sion temperature"  as  bearing  upon  the  problem  of  its  liquefaction.     The 
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high  pressure  of  the  experiment  varied  from  117  to  170  atm.   and 
the  low  pressure  was  uniformly,  one  atmosphere.       The  one  datum  of 
this  experiment  was  -80. °5     for  the  inversion  temperature  under 
these   conditions.     The  effect  observed  here  was,   of  course,   an 
integrated  one  and  leaves  much   to  be  desired   for  application  of 
thermodyneunic  equations. 

Five  years  later       (   1907)   he  did  the  same  thing  for  nitro- 
gen    and  air,    finding  a  series  of  inversion  points  for  magnitudes 

of  the  pressure -drop  varying  from  160  atm.    to  30  atm. 

14 
Rudge  carried  out  (1909)   a  few  experiments  on  carbon 

dioxide  supplied     on  the  market  in  the   form  of  "sparklets"   for  mak- 
ing carbonated  water.     The     duration  of  each  experiment  was  but  a  few 
minutes  and  the  author  does  not  attach  great  importance  to   the  results 
but  offers   theas  in  view  of  the  scanty  known  data.     It  would  seem  that 
the  ideal  conditions  for  continuous-flow  methods  could  hardly  be  real- 
ized in  so  short  a  time. 

Bradley  and  Hale  in  the  same  year  carried  out  experiments 

upon" the  nozzle  expansion  of  air  at  high  pressure",   i.e.    from  initial 
pressures  of  70  to  200  atm.   to   final  pressures  of  1  atm.     Their  tem- 
peratures extended   from  0**  C  to  -120**  C  approximately. 

Their  apparatus  was  a  liquefier  of  the  Hampson  type  and  the 
air  expanded,  not  throu^  a  porous  plug  but  a  specially  constructed 
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"nozzle".  Their  special  problem  was  the  process  of  liquefaction; 
and  their  results  were  only  in  qualitative  agreement  with  those  of 
Joule  and  Thomson. 

Again  in  the  same  year  (1909)  Dalton   carried  out  similar  nozzler 
experiments  in  air  at  0°  C  only  and  for  pressure  drops  from  about  5 
to  40  atm.   His  results  agree  with  the  Joule  and  Thomson  figures  at 


cate  an  extrsjuely  slight  one. 

17 
Vogel  ,  whose  original  paper  I  have  not  been  able  to  consult, 

carried  out  porous  plug  experiments  in  the  Laboratory  of  Technical 

physics  of  the  Techniche  Hochschule  in  Munich.   He  was  looking  for 

and  found  a  pressure  effect  while  the  temperature  of  his  experiments 

Lo  1 

18 
Noell     ,  whose  original  paper  likewise  I  have  been  unable  to 

18 
secure,    but  an  abstract  of  which         I  have  read,   continued  the  work 

of  Vogel  using  the  same  apparatus.       His  pressure-drops  were  6  and  8 
atmospheres  while  the  eurithmetie  mean  of  the  absolute  high-side  and 
low-side  pressures  varied  from  25  to  150  atm.     His  high-side  tempera- 
tures varied  from  -55*'c     to  ♦250''c.     He  worked  with  air  only.     He 
found  a  pressure   as  well  as  a  temperature  effect  which  he  embodied 
in  the  interpolation  formula;— 


4X.  '^  50.1  ■>■   0.0297   p     +   14830  -  1.674  p    ♦   366000  ■  19093   p  -(0.122+0.00C0157/3) 
4  p  T  T'^  T^ 

evidently  an  empirical  expansion  in  descneding  powers  of  T  whose  coef- 
ficients are  linear  functions  of  p. 

The  units  seem  to  be  kg.   per  cm.     in  the  left-hand  member  and 
atmospheres  on  the  right.     The  difference  would  not  be  more  than  about 
Z%  but  the  author  does  not  maie   it  clear.   The  deviations  of  his  observed 
values   from  those   calculated  by  this   formula  vary  from  2%  to  6%  at 
the  lower  temperatures  to  bO%  and  over  at  the  highest   temperatures. 
Nevertheless  it  seems  to  be  more  systematic  and  satisfactory  than 

the  work  of  his  predecessors,    certainly  for  air. 

19 
Mention  is  made  here  of  work  reported  by  Witkowaki     ,  who 

carried  out  experiments   on  air  at  high  pressures  which  passed   through 

a  succession  of  porous  plugs.       His  paper  has  not  been  available  but 

only  a  brief  abstract^ which  contains  no   quantitative  results.     I   cannot 

see  any  theoretical  advantage   to  be  gained  by  a  succession  of  plugs. 

All  the  data  could  be  had   from  a  single  plug  by  properly  choosing 

pressures. 

31 
Buckingham   has  proposed  a  modified  form  of  the  porous  plug 

experiment  in  which  the  process  is  rendered  isothermal  by  supplying 

heat,  say  electrically,  to  the  plug  just  sufficient  to  neutralize  the 
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temperature-drop  .     If  there  ehould  be  a  heating  effect,   as  with 
hydrogen,   then  heat  would  have   to  be  abstracted   in  some  way.     No 

one  has  ever  published  work  on   this  method, 

20 
It  is  perhaps  out  of  piece  to  mention  it  here,   but  Roebuck 

has  even  carried  out  a  porous  plug  experiment  on  liquid  water  near 
4°  C  in  order  to  determine  the  mechanical  equivalent  of  heat.  His 
results  he  regards  as  lacking  in  accuracy. 

The  review  of  the  work  of  these  experimenters  reveals   first 
a  lack  of  meaning  to  be  attached  to  their  results.       For  the  Joule- 
Thomson  effect  enters  into  the   thermodynamic  equations  as  the  limiting 
value  of  a  ratio;    the  ratio  of  the  temperature -drop  to  the  pressure- 
drop  as  these  each  approach  zero.       The  pressure-drops  of  Joule  and 
Kelvin  were  up  to  5  or  6  atmospheres,    those  of  Noell  6,   S  and  10  at- 
mospheres,  the  others  still  more.     Natanson  and  Kester,   however,  lim- 
ited their  drops   to  1  atmosphere  which  seemed  satisfactory,   but  that 

was  in  carbon  dioxide  only.       About  all  the  work  that  has  so  far  been 

21,22,23,23 
found  available   for  the  calculations  of  the  thermodynamic  scale 

has  been  that  of  Joule  and  Thomson  principally,   the  later  calculations 
including  the  results  of  Natanson  and  Kester  and. in  one  instaaace. that 
of  Olszewski. 

A  second  point  that  impresses  one  is  the  omission  of  any  syste- 
matic experimental  study  of  sources  of  error.     One  short  cut  seems  to 
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have  been  in  pesorting  to  high  pressures,  high  pressure-drops  and 
a  large  quantity  of  gas.     For  expensive  gases   the  latter  procedure 
would  constitute  a  serious  objection. 

Further  it  has  seemed  on  the  whole  that  the  experimenters  were, 
perhaps,   too  ambitious  in  the  direction  of  extreme  temperatures  and 
pressures  and  not  careful  enough  of  sources  of  error j     that  perhaps 
there Kere  too  many  problems  in  technique  to  be  attended  to  at  one 
time. 

The  need,    too,    for  more  accurate  data  on  the  Joule-Thomson 
effect  is  being  felt  and  occasionally  expressed  by  physicists.     Thus 
Rose-Innes^^       says  in  part:   "The  most  simple  and  at  the  same  time 
the  most  effective  method  of  meeting  the  difficulty  (    i.e.  of  attaining 
the   thermodynamic  scale  of  temperature)  would  be  to  repeat  the  Joule- 
Thomson  experiments    .....". 

From  considerations  such  as  the  above,    therefore,    and    from  the 
results  of  a  yearns  preliminary  experiments  in  the  physical  laboratory 
of  the  Johns  Hopkins  Uni'uersity,    the  present  author  decided  to  postpone 
experimental  problems  of  ext^reine  temperatures  and  pressures  and  first 
attHck  directly  the  development  of  a  method.     This  accomplished,   the 
other  would   follow.     With  such  an  apparatus,  moreover,   cm  investigation 
over  any  convenient  temperature   and  pressure   rangp  would  be  worth-while  — 


the  main  difficulty  being     to  obtain  reproducible  results. 

General  Cond|itionB  of  Present  Experiment;*         The  range  of 
tesiperatures  was  confined  approximately  to  the  fundamental  interval* 
actually  from  15**C  to  SO^'c  although  experiments  had  been     started 
at  110**  C  when  the  apparatus  called  for  repair.       The  terra  "pressura" 
in  the  title  of  this  paper  refers  to  the  arithaetie  mean  of  the  abso* 
lute  pressures  on  the  two  sides  of  the  plug.       The  range  lay  from  about 
6  to  8  1/2  atmospheres,   or  more  precisely,    from  4.5   to  6.4  meters  of 
mercury.       The  pressure-drop  rangefh  from  0.25  to  0.80  meters  of  mer- 
cury.       Pressures   throughout  this  paper  will  be  expressed  in  meters  of 
mercury.     For  the  immediate  purpose  of  these  experiments  outlined  above, 
the  natural  gas   to  be   chosen  was,   of  course,   air. 

Remarks  on  Theory. 

The  general  theory  of  the  plug  experiment  has  been  given  so 
often  in  treatises  and  in  journal  articles  that  a  full  treatment 
of  it  here  would  be  out  of  place.     As  much,   however,  should  be  given 
as  is  sufficient  to  define  the  necessary  symbols  and  to  develop  such 
special  formulae  as  are  needed  in  the  computation  of  results.       In 
addition  I  would  bring  out  a  certain  point  as  to  the  definition  of  the 
Joule-Thomson  coefficient  that  I  thidk  has  not  received  the  emphasis 
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it  deserves.     This  will  involve  a  brief  outline  of  the  general 
theory  first. 

On  applying  the   first  law  of  thermodynamics  to  the  process  of 
the  porous  plug  experiment  and  noting  that  there  is  no  gain  or  loss 
of  heat  from  without  and  that  the  rigid  plug  does  zero  work  on  the 
gas,    and  that  the  total  work  done  on  each  gram  of  fije  gas  be  fox** 
and  behind  the  plug  is       p^  v^  -  p^v^  ,    the  relation 

u,  ♦   P,  V  =  iiv*  p^v^ 
holds  where  the  subscripts  are  conventional  end  u  stands  for  the 
intrinsic  energy  per  gram,   and  where  the  kinetic  energy  of  stream- 
line  motion  may  be  neglected. 

Now  the  function  u  ♦   pv,    the  so-called  "enthalpy"  of  Kamerlingh 
Onnes  or  Gibbs*   heat  function,   is  the  sane  in  the  regions  of  equilibrium 
above   and  below  the   plug.     Let  us   call  it  H.        Then  we  may  define  the 
Joule-Thomson  coefficient  {\i)  which  is  the  limiting  value  of  the  ratio 
of  the  temperature -drop  to  the  pressure-drop,  when  these  each  approach 
zero,  under  the  condition  H  =  const.,   by  the  relation 


h  L (1) 


.  =-  fJL   )„ 


From  this  quickly  follows  the  usual  relation  (2)  when  we  apply 
the   second  law  of  thermodynainice,    as   follows: 
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Calling  s  the  entropy 

Tds  =  du  +  pdv  =  dH  -  vdp 
or,  putting  T  =  constant 

(  -2  n  /t-    ^^nfr 


But 


tpfr       '"'dpi 


end 


/8^  j     =  '  l,ZLm)       (   ••therrao dynamic  relation") 

T/iL)  =  V  ♦  n  Cp       (2) 

After  arriving  at  this  form  of  treatment  I  found  that  a  very  Bim» 
ilar  one  had  been  given  by  Callendar^^^ 

A  great  advantage  to  my  mind  to  be  gained  in  the  point  of  view 
of  the  definition  (1)  is,  that  if  we  plot  on  a   t  -  p  diagram,  start- 
ing  from  fixed  initial  conditions,  a  succession  of  points  corresponding 
to  a  succession  of  pressure  and  temperature  drops,  we  shall  obtain  a 
curve  of  constant  H  the  slope  of  whose  tangint  at  any  point,  therefore, 
is  the  value  of  the  Joule -Thomson  coefficient  at  that  point.  The  abeo- 
lute  pressure  and  temperature  for  this  point  would  be  equal  to  the 
initial  pressures  and  temperatures  minus  the  respective  pressure  and 
temperature  drops  to  the  point  in  question  on  the  diagram.  If  this 
slope  in  any  given  case  be  derived  from  the  chord  between  two  points, 
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then  the  proper  absolute  pressures  and  temperatures  would  correspond 
as  a  first  approximation,   to  the  middle   point  of  the   chord.     This 
point  -ffill  be  made  use  of  later  in  discussing  results. 

^  second  advantage   in  this  point  of  view  is  in  enabling  one  to 
draw  a  contrast  with  the  true   free  expansion  or  Gay-Lussec  effect, 
which,,  expressed  in  the  same  coordinates,  is 

a  distinction  worth  noting. 

An  important  experimental  consequence,  moreover,   is  that  the 
observer  need  not  determine  his  temperature   readings   that  correspond 
to  ft  zero  pressure  drop,    since,    as  will  be  noted  later,    the  difference 
between  the  mean  temperature   and  the  high^side  temperature  (bath  tem* 
perature)   is  negligible  in   expressing  |i  as  a  function  of  temperature. 

It  will  be  shown  later  that  a  is  found  to  be  a  function  of  temper- 
ature and  pressure.     In   the  search   for  an  empirical  formula  to  express 
this   relation  and  one  which  would  have   a  little  more   rational  basis 
than  a  mere   power  series,    resort  was  had   to  the   equation  of  Van  der 

Waals.     While  this  equation  does  not  strictly  fit  the  measurements   on 

25 
isotherm  s  yet  I  am  in  accord  with  Berthelot       in  thinking  it  a 

valuable  index  to  the  broad  features  of  the  properties  of  gases.   Further 

it  is  something  more  than  an  empirical  interpolation  formula. 
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Applying  to  Van  der  Vaals'   equation,   namely 
(p^a)      (v-b)=RT, 
the  relation  (2)   above,  we  get,  keeping     only  terms  of  the  second 
order  in  the  OBiall  quantities  a  and  b  ,    the  relation 

(i  Cp     =  -  b  +  2a     -  (    6ab       -  4a"       )   p (3) 

RT  R"T"  R'T' 

Now  the  variation  in  Cp  within  the  limits  of  the  present  inves- 
tigation is  small  or  at  most  may  be  considered  a  linear  function  of  p. 
If  then  we  neglect  the  term  in  T^       ^  should  be  a  function  of  the  form 

V.  =  A  +  B  ♦   p  C       (4) 

T  T^ 

The  first  two   terras  are   those  of  the  complete   formula  of  Roee- 
23 
Innes     ,     It  willbe  noted  that  the  pressure  effect  is  linear  and 

only  comes  in  if  we  retain  second  order  terms.     Later  this  formula 

as  well  as  a  five-constant  power  series  linear  in  p  and  of  the  second 

degree  in  t°  C     will  be  fitted  to  the  observations.     Obviously  the 

second  power  in  T  in  (4)    could  be  replaced  by  the   first  power  and  the 

adjustment  be  empirically  Just  about  as  good  within  the  small  range 

of  observed  temperatures,  but  the  second  po#6r  is  retained   to  keep 

closer  to  the  original  proposed  basis  of  rationality. 
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DeBcription  of  Apparatus. 
The  Air  Circuit ;- 

The  air-  circuit  and  the  disposition  of  the  varicue 
parts  are  shown  in  Fig.   I.       Air  is  drown  in  by  the  compressor  at 
the  intake  A  which  is  kept  open   all  the   time   in  order  to  replenish 
the  supply  of  air  lost  ty  slow  leakage.     The  air  then  passed  upwerd 
through  the  driers  D  euad  D' ,   the  former  containing  a  column  of  about 
a  meter  of  calcium  chloride,    the  latter  about  half  a  meter  of  soda- 
lime  to  remove   carbon  dioxide   followed  by  a  half  meter  of  calcium 
chloride   to   remove   the  water  put  in  by  the   reaction  of  the   carbon 
dioxide  with  the  soda-lime.       Water  trapped  in  the  lower  end  of  D 
from  the  air  under  comuression  is  drawn  off  by  the  valve  B.     This 
was  done  usually  once  4^ring  a  run  which  lasted  some    four  or  five 
hours. 

From  the  driers  the  air  is  cerried  through  a  quarter-inch 
g&s  pipe  to   the  plug  apparatus  proper  in  a  neighboring  room.     Here 
it  passes   first  through  a  series  cf  throttling  needle-valvee  t,t,t, 
then  through  a  third  drying  tube  D"  containing  phosphorns  pentoxide. 
From  this  it  passes  through  copper  "automobile   tubing"  of  about 
5  mm.    outside  diameter,   into  the  bath   under  the  surface  of  which  the 
automobile  tubing  continues  for  about  two  meters, connecting  thence 
with   a  coil  of  larger  pipe  of  brass   end  about  one   cm.   internal  diam- 
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eter  end  6  metors  in  length.       This  coil  terminates  in  the  plug 
Cfising  P.       After  pesfiing  through  the  porous  plug,    the  air  leaves 
the   casing  by  way  of  another  length  of  automobile   tubing    much 
shorter  then  the   first  end  soldered  parallel  with  it  for  a  purpose 
stated  below. 

Interchen^r:*  For  a  length  I  I  of  about  a  meter  the  tubee 

are  soldered  together  side  by  side   forming  this  a  heat  interchenger, 
BO   that  when  the  bath  and  the  room  were  at  considerably  differing 
temperatures  the  air  leaving  the  bath  would  be  brought  to  approximately 
room  temperature  and  the  air  entering  the  bath  would  be  brought  to 
approximately  the  bath   temperature  in  advance.       This  device  was  found 
t©  be  necessary  for  two   reasons:    first,   it  conserved  the  heat  of  the 
bftth  and  improved  its   temporature   regulHtion,    cjid  secondly,   it  pre- 
vented the^jbrottles   t*   in  the  return  line   from  progressively  warming, 
a  condition  which  was   found  seriously  to  interfere  with  pressure 
regulation.     This  warming  of  the  velvee  would  gradually  change  their 
opening  end  hence   change   the  rate  of   flow  of  air  through  them. 

After  leaving  the  low  pressure  throttles   t'   t*    t*    t*    the  air 
returns  to   the  compressor  by  way  of  a  receiver  R  of  about  10  litres 
capacity.   Curiously  enou^  this  receiver  was  quite  effective     in  re- 
ducing the  pulsations  in  the  air-circuit  produced  by  the   action  of 
the  compressor  when  placed     on  the  low  pressure  side     of 
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the  coopresser^ while  no   receiver  was  needed  at  all  on  the  high 
preBBure  side.     It  is  quite  possible  to  omit  R,   however,  when  it 
is  desired  to  reduce   capacity  on  account  of  expensive  geses. 

Pressure  ReEuletion;»         It  is  obviously  very  neceseery 
to  provide  means  to  keep  constant  the   pressures  at  all  points 
end  especially  the  pressure-drop  in  passing  through  the  plug. 
The  heat  of  compression  liberated  here  might  quite  mask  the  Joule- 
Thcmson  effect.       It  was  observed,    for  instence,   on  one  occeeion 
that  a  fluctuetion  in   the  pressure-drop  of  0.1  percent  resulted 
in  e  fluctuation  of  about  b%  in  the  temperature-drop.     Special  pre- 
etutient  therefore  were  necessary  to  provide  good  pressure  regulation 
and  this  had     to  be  autcmatic  in  the  absence  of  any  assistence   to 
the  obBcrver. 

Rough  pressure  regulation  was  attained  as  a  preliminary  by  plac- 
ing an  adjustable  spring  safety-valve  S  (   Fig.  I)   in  a  bypass   from 
the  high  pressure  to   the  low  pressure  lines  near  the  compressor.     This 
was  usually  set  so   that  the  difference  on  the   two   sides  of  the  valve 
would  be   from  80  to  16C  lbs.,   gauge   reeding,   depending  upon  requirements 
at  the  plug. 

Superposed  upon  this  was  a  finer  method  of  regulation  which 
was  designed  to   control   the  pressure  drop  between  the  points  E  and  F 
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(   Fig.   I   ).     This  wee   cerried  out  by  means  of  an  electrically   controlled 
velvc  mechanism  actuated   through   contacts  in  a  marcury  manometer  K' 
«hlch  was  connected  in  at  the  points  E  and  F.     The  valve  mechanism 
ia  indicated  at  PC  which  is  connected  as  a  by-pasa  to  the   first  or 
upper  throttle  t  eo   that  when  opened   the   flow  of  gae  is  increased. 
The   two   electrical  contact-points  of  the  manometer  M*    are   set 
at  any  desired  difference     of  level  such  that  the  tops  of  the  mer- 
cury columns  play  just  under  them  when  the  device  is   functioning 
properly.      If  for  some   reason   the  pressure  difference  A-ecreaees,   the 
lowr  contact  will  be  mede,    end  this  will   actuate  one  of  the  electro- 
magiets  at  PC,  which,   by  a  suitable  mechanism  tc  be  described  below, 
will  open  the  by-pass  valve  at  PC  slightly,   thus  supplying  an 
increased  flow  of  air  and  bringing  the  pressure  difference  beck  to 
its   proper  value.      A  similar  action  in  the  reverse   direction  will 
take  place  if  the  pressure  drop  exceeds  the  limits  set  by  the  posi- 
tions of  the  contact  points.     When  the  pressure  is  at  its  proper  value, 
the  valWe  at  PC  is  at  rest. 

There  were  of  course  small   fluctuations  in  pressure  remain- 
ing even  though  this  device   geve  much   finer  regulation  than  did   the 
safety-valve  S.       These   residual  fluctuations  were  practically 
damped     out  by  the  throttles  t  t     and  t'    t'    lying  between  the  points 
E  F  and   the   plug.       The   greatest  variations   in  the   pressure  drop  at 
the  plug  were  of  the  order  of  0.1  tm  of  mercury  and  usually  too  small 
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to  eetiinate   in  the  field  of  the  telescope . 

The  throttles  t  t  t  t  and  t't't't'    togsther  with  the  sefety- 
v&lve  S   served,    in  addition   as  a  means  of  eetting  the  absolute   pressures 
in  the  system  tc  any   desired  values. 

The  details  of  the  valve  mechanism  are  shown  in  Fig. 2. 
A  and  B  are   the  two   electromagnets  connected  to  the  two   contact  points 
in  the  manometer  W»   (    Fig.   I)   above  mentioned.     C  is  a  wheel  kept 
continuously  in  rotation  by  a  threed  belt  PP.      P  and   D*    are   two 
friction   drums  mounted  on  the  highest  speed  axle  of  a  wheel  train. 
The  wheel  C  is  mounted  in  trunnions  in  such  a  manner,    as  ie  obviously 
sVcwn,    that  when  the  magpet  A  is   energized  C  is  pressed  against  D,   when 
E  is  energized  C  is  pressed  against  D* .       This  evidently  reverses  the 
direction  of  rotation  of   the  drums   D  and   D* .   \«lhen  neither  A  nor  B  ere 
energized,    the  drums   are  at  rest. 

The  motion  this  imparted  to  the  wheel  train  is  reduced  in  the  train 
and  transmitted  throu^   the  drum  U,   thread  T  and  lever  L  to  the  needle 
vslve  V.     The  threed  T  is  kept  taut  by  the  spring  S.       The  train  includes 
all  the  wheels  of  a  24-hour  dollar  clock.         The   fsistest  wheel  would 
rotate   about  2  or  3   times   a  second.        This  great  reduction  of  motion 
was  found  to  be  necessery  on  account  of  the  extraordinary  sensitiveness 
of  the  air  flow  to   a  slight  change  in  the  orifice  of  the  valve. 
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The  magnets  were  wound  with  750  ohms  each  of  No.  4C  magnet  wire 
and  operated  on  30  volte.     With  5000  ohms  shunted  across   the  manometer 
contact  gaps  sparking  and  contamination  of  the  mercury  was  effectually 
prevented. 

It  may  be   remarked,    in  peBsing,   that   liie   valve  V  (    Fig. 2) 
was  for  a  time  connected  as  a  by-apss  between  the  points  E  and  F 
(   Fig.  I)   but  the  arrangement  shown  proved  superior. 

Mountir,^  of  thermometers;*  T,   and  T^  (    Fig.   I  )    are  braes 

tubes  housing  the  stems  of  platinum  resistance  thermometers,  one  of 
which  is  situated  in  the  elbow,  0  on  the  hi^-pressure   side  of  the  plug, 
and  the   second  in  the  interior  cf  the  plug  casing  P.       EmerRing  from 
the  tops  of  these  tubes  end  passing  through  sealed  joints  in  appro- 
priate herd  rubber  insulation  are  the  leads  which  connect  through  heavy 
lemp^cords   to   the   bridge.        Into   the   latter  they   ere   connected   differ- 
entially  as  will  be   described  later.     Thermcmeter  tube  T^  has  a  tele- 
scoping joint  indicated  in  the  diagram  whose  purpose  is  to  permit  one 
to  shift  vertically  the  thermometer  coil  inside  P  and  thus  to  explore 
the   region  en  the  low-pressure  side  of  the  plug  in  order  to  study  the 
distribution  of  temperature  therein. 

The  Differential  Manometer;*  From  the  sides  of  the  stems  of 

the   thermometers  T,  and  T  lead   two   small  tubes   connected   to   the  manom- 
eter I  as   shown  in  Fig.   I.     The   Iptter  is  thus  put  in  communication 
with   the  spaces  occupied   by  the   therirometer  coils   themselves   and  is 
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intended   to  measure   the  pressure-drop  between  the  high  and   low 
pressure  sdiee  of  the  plug.       To   test  thie,    readings  were   taken  with 
the  plug  removed  and  the  air  flowing  at  the  highest  speeds  of  the 
later  experiments.     No   sensible  pressure  difference  was  noted.       The 
menometer  was  somewhat  over  e  meter  in  height  end  was   furnished  with 
a  brass  meter-bar  of  the  "H**   form  made  by  the  Societe  Genevoise.     This 
was  plficed  between  the   tubes  and   read  by  a  micrometer  telescope    from 
a  distance  of  about  one  meter,    the  tube  and  scale  being  In  the   same 
field  of  view  at  one  time.       The   crosshair  m-es   leveled  by  setting  on 
the   image  of  the  level  surfnce  of  mercury  placed  in  a  glass  cell  with 
plane   sides  at  the  same  distsnce   from  the  telescope  as  was   the  manom- 
eter.    The  hfeghts  of  ireniscus  were  read  off  so   as   to  apply  the  capillary 
correction  which  never   exceeded  1  mm.,   end  if  omitted,   would  not  have 
introduced  en  error  exceeding  l/500  of  the  observed   pressure   drop,    end 
even  that  would  be  within  the    accuracy  demanded,     for  errors  of  one  per- 
cent in  the  Joule-Thomson  effect  came  in   from  other  sources.     The  cor- 
rections,  however,  were  applied  making  use  of  the  tables  given  in 
Kohlrausch,   "PhyBicel  Measurements"  3rd  edition  (English)   p.   440.     The 
internel  diameters  of  the   tubes  varied   from  5,0  mm  to  5.7  mm.   along  the 
portions  where   readings  were  made. 

The  readings  were  likewise   reduced   to   zero,  making  use  of  tables 
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given  in  Landolt  end  BiJrnstein'B  "Tabellen"  3d  Aufl.    pp.   34  end  35. 
Preeeuree  throughout  this  paper  ere   expressed  in  meters  of  mercury 
et  0*'C  and    for  gravity  at  the  University  of  Virginia,   whose   value 
need  not  be  used  except  in  the   final   formulae. 

Pressure  Gaufiee;-  To   the  high-pressure  side  of  the  dif- 

ferential manometer  were   connected   a  piston  gauge   and   a  dial  gauge  5 
and  G'   (    Fig.   I)   respectively.     The  latter  used  for  setting  to  the 
desired   absolute  pressures;  while   the   former  yielded   their  correct 
measure.     The  piston  was  of  3/8"   drill  rod  mounted  in  a  snugly  fitting 
brass  cylinder  provided  with  a  leather  packing  at  the  top,   so  curved 
as  to  become   tighter  as  the  pressure  increased.     This  also  insured   that 
t\^e  effective  area  of  the  piston  was  its  own  ccoBS  section  and  not  a 
compromise  between  this   end  that  of  the  bore  of  the  cylinder.        Provis- 
ion was  made   for  rotating  the  piston,    in  a  manner  similar  to   that  carried 
out  by  Amagat  and   thus  eliminating  the   static   friction. 

The  diameter  of  the  piston  measured  by  two  micrometer  calipers 
came  to  0.9536  cm.   giving  an  area  of  0.7142  sq.    cm.     Thus  1  kg.   on  the 
piston  corresponded  to  a  pressure  of  1.030  meters  of  mercury  at  0.   C 
and  at  the  same   locality. 

The  weights  were  adjusted  by   a  set  of  platinum  plated  weights 
furnished  by  Rueprecht  of  Vienna,    and  brought  to  within  0.02^  of  accuracy 
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or  about  l/SO  of  the  errors  of  reading  of  the  gauge  when  in  use. 
Great  accuracy  was  not  needed,    for  it  will  be  seen  that  the  effect 
of  pressure  on  the  Joule-Thomson  coefficient  is  small. 

Bath  and  Thermostat:-         The  bath  was  about  90  cm.    deep  and  30 
cm.   in  diameter  with  triple  walla  of  brass.       The  space  between  the 
iraddle   and  inner  wall  was   filled  with  asbestoa  and  that  between  the 
middle  and  outer  was  designed   foB  the  circulation  tff  steam,  which 
later  was   found  needless.       The  outer  wall  was  lagged  with  asbestoa. 
The  cover  was  lagged  with  about  10  cm.   thickness  of  cotton  waste 
which  has  been  ell  that  was  necessary  for  temperetures  up  to  130® rC. 
"Renown  engine  oil"  made  by  the  Standard  Oil  Co.  was  used  to   fill  the 
bath  and,   on   ajcount  of  its  greet  thermal  expansion,   e  siphon  overflow 
hed  to  be  provided.       It  asphalts  appreciably  st  the  higher  temperatures 
end  if  therefore  open  to   objection.       Rapid  circuletion  was  provided 
by  two  motor-driven  propellers  on  one  vertical  shaft  rotating  in  a  well. 
The  stirrer  and  heating  coils  are  not  shown  in  the  diagram. 

Heating  was  applied  electrically   from  a  220  volt  D.C.    circuit, 
through  four  coils  totaling  a  capacity  of  one  kilowatt.       These  could 
be  cut  in  independently  in  series  or  in  parallel,   various  combir  ^tions 
being  used  including  euxiliary  resietences,    eccording  to  the  tempera- 
ture of  the  bath. 

Thermostatic  control  was  obtained  by  keeping  e  steady  current  in 
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some  of  the   resietancee   end   verying  the   current  in  the   remairder. 

This  was  done  eutomatically  by  a  type  of  thermostat  whose  prin- 
ciple is  similpr  to  that  of  Darwin       or  of  Randall       end  later  made 
use  of  ty  the  Leeds   and  Northrup  Co,       Two  of  the   four  arms  of  a  Wheat- 
stone  bridge  (   cf  about  ICO  ohms  eech)    are  situeted  in  the  beth  -  one 
of  these  is  of  nickel   pnd  the  other  of  an  alloy  known  to    trade  as 
"therlo".     The   fonner  has  a  high  temperature   coefficient,    the  latter 
practically  none.     The  other  two   arms  of   resistance   alloy  were   im- 
mersed in  a  small  continuously  stirred  bath  at  room  temperature.      The 
latter  arms  being  in  the   form  of  a  helical  slide  wire,   could  readily 
be  set  to  any  desired  ratio.         This  bridge  would  Obviously  balance 
at  some   fixed  temperature   and  not  at  any  other.     The  thermostatic 
principle   consisted   in  utillting  the  deflections  of  the  galvanometer 
to   control  the  heat  supply  sufficiently  to   keep  the  bridge  near  a  bal- 
ance and  consequently  the  temperature  near  a  fixed  value.     This  was 
arbitrarily  determined  in  advance  by  properly  setting  on  the  slide  wire. 
The  controller  galvanometer  had  mounted  on  its  moving  coil  a  thin 
glass   croesarm  in  the  end  of  which  was  sealed  a  bit  of  platinum  wire, 
which  was   therefore   capable  of  moving  in  a  horizontal  path  through  a 
short  distance.     Above   and  below  this  path  were   two  platinum- faced   jaws 
covering  a  half  of  the  path.     The  jaws  were  closed  periodically  by 
clockwork.     Should  the  wire  happen  to  be  between  ihe  jaws  at  their  line 
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of  closure  a  contact  would  be  established   and  a  relay  energized  which, 
short-circuiting  an  outside  laanp-reeiatance   in  series  with  one  of  the 
inside  heating  coils,  would  thus  increase  the  heating  current  period- 
ically till  the  proper  temperature  of  the  bath  would  be  re-established. 
Cooling  of  the  bath  was  effected  by  loss  of  heat  to  the  room  which 
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had  to  be  at  least  5     cooler. 

The  performance  of  this   thermostat  was  very  good,    keeping 
the  bath,  under  the  best  working  conditions,    constant  to  0**.001; 
and  in  but  few  instances  was  the   fluctuation  more  than     0  .004. 
I^jtrther  it  was  remarkably  convenient  to  set  at  any  desired  tempera- 
ture. 

The  use  of  a  22C  volt  D.C.   supply  is  perhaps  open  to  criti- 
cism; but  with  care   in  insulation,   trouble   froai  this  source  was  over- 
come.    It  was  the  only  kind  of  power-supply  at  hand. 

The  Wheats  tone  Brid^^e:-  Resistmce  measurements  were  made  in 

terms  of  a  decade  resistance  box  manufactured  by  the  Leeds  and  Northrup 
Co.   of  Philadelphia.     The  coils  needed  (    from  30  ohms  down)   were  cali- 
brated twice,    two  years  apart,   and   found   to  remain  sensibly  constant 
to  well  within  the  required  accuracy.         The  nominal  value  of  the  ohm 
given  by  this  box  was  not  corrected  in  terras  of  a  stsndard  since  only  the 
relative  values  of  the  resistances  are  needed  in  thermometric  work. 

The  thermometers  on  the  high  and  low-pressure  sides  of  the   plug 
were  connected  into  the  bridge  differentially  as  shown  in  Fig.  3,  where 


C,   and  C2_the   compensation  leade  which  will  be  deecribad  bslow. 

The  quantity  desired  is   the   difference   in  the  effective   re- 
sistances of  the   two   thermometers.     The  Carey-Foster  ^       method 
described  in  numerous   text  books   therefore  was   employed  because  it 
measures  directly  the  difference  between  resistances     end  eliminates 
all  fixed  contact«flnd  lead-resistances.       Its  essential  feature  lies 
in  the  transposal  of  the  resistances  to  be  compared,   which  in  this 
case  are  T^  ••■   C     and  T^+   C^    ,   but  the  means   for  effecting  this   trans- 
posal, namely  a  mercury  commutator  of  special  design,   is  omitted   from 
the  diagram.     The  method  is  too  well  known  and  the  diagraiti  would  be 
needlessly  complicated. 

It  will  be  noted  that  the   arrangement  of  battery  and   galvanometer 
is  not  that  usually  published   in  the   text-books.     By  putting,   as  indi- 
cated,   the  battery  instead  of  the  galvanometer  in  series     with   the 
sliding  contact  and  by  having  no  key  in  series  with  the  galvanometer 
the  error  of  thermal  e.m. f.'s  was  eliminated.     This  arrangement  is 
according  to   the  practice  of  the  Bureau  of  Standards  at  Washington, 
D.C,       It  has  worked  admirably  and  demonstrated  the  absence  of  any 
need  of  reversing  the  battery  current. 
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The   slide  wire  S,  L  S^^is  a  **Students»   Potentiometer" 
manufactured  by  W.G.Pye  4  Co.   of  Cambridge,  England  and  con- 
sist* of  a  wire  wound  in  a  helix  on  a  slate  dmm  and  with  sliding 
contacts  S,  S^at  the  ends.     It  has  10000  divisions  from  end  to  end 
and   a  resistance  of  31  ohms  approximately.       This  being  too  high 
for  direct  use  it  was  shunted  by  a  resistance  of  about  half  an  ohm 
made  up  of  manganin  wire.       With  this  arrangement  and  by  repeated 
tests  at  different  dates   the  value  of  one  division  was  determined  to 
be  0.00005666  ohms  or,   in  terras  of  the  particular  thermometers  used, 
equivalent  to  about  O.OOOS"  C.       The  precise   conversion  of  bridge 
readings  into  degrees  will  be  given  later*. 

The  errors  due  to  the  variability  o f  the  contact  resistances 

S,and  S^being  in  series  with  as  much  resistance  as  31  ohms,   proved 

to  be  negligible  -  not  over  0.12  of  a  division  (   or  0.00006°  C'  ** 
found  by  a  special  test  -  while  the  nearest  whole  division  only  was 

read  in  the   final  temperature  measurements.     Thus  the   resistance 

of  the  sliding  contacts  were  in  series  with  31  ohms  and  the  whole 

shunted  by  0.5  ohm,  while  all  other  junctions  in  the   four  arms  were 

either  soldered  joints  or  amalgamated  mercury  contacts.       Henca 

the  only  error  due  to  the  sliding  contacts  is  a  proportionate  one 

on  the  basis  of  31  ohms  and  therefore  has  proved  negligible. 
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The     wire  S,L  S.^was  calibrated  several  times  and  was   found 
uniform  to   a  small    fraction  of  a  division. 

For  resistance  thermometry  and  with  the  battery  connected 
between  the  thermometers   as  shown,    the  mere  sensitive  arrangement 
is  to  have  high-resistance  ratio-arms;  hence  a  high  value  of  these, 
namely,   1000  ohms,  was  employed. 

The  key  K,  opened  and  closed  the  battery  circuit  while  K,.  in 
conjunction  with  the  resistance  R  ,   arranged   to  short-circuit  a 
portion  of  the  latter,   permitted  the  observer  to  vary  the  battery 
current  in  the  ratio     1:^2     and  thus  obtain  quickly  a  correction 
for  the  heating  effect  in  the  thermometer  coils  of  the  measuring  cur- 
rent.    The  smaller  of  the  two  values  of  the  battery  current  was  6 
mllliafflperes . 

The  Platinum  Res i stance  Thermometers. 

These  were  of  the   four-lead  compensated  type  introduced  by 
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Callendar     .  His  method  eliminateel  the  uncertainty  in  the  re- 

sistance of  the  leads  by  providing  a  duplicate  pair  of  "compensation" 
leads  parallel  and   close  to  the   therraometer-leads  in  the  region  lying 
between  the  bath  temperature  and  the  room  temperature  so   that  the 
unknown  but  definite   resistance  of  the  one  pair  would  be  equal  to  that 
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of  the  other  pair  and   being  connected   into  adjacent  arme  of  an  equal 
ratio  Wieatstone  bridge,   •uould  thus  automatically  cancel  in  the  meas- 
urement. 

In  the  early  forms  the  coBpensAtion  leads,   i»hich  were  of 
coarser  wire  then  the   thermometer  wire,  were  united  directly  at 
their  ends.     In  later  forme  the  ends  were  connected  by  a  short 
length  of  the  same  kind  of  wire  as  the  thermometer  wire  itself. 
This  gave  the  added   accuracy  of  compensating  for  the  conduction  of 
heat  along  the  leads. 

In  the  present   experiments  the   thermometers  were  of  this 
improved  type.     They  were  connected  differentially  into   the  bridge, 
thermometer  No.   I  and  compensating-lead  No.   2,  being  connected  in 
serieB  on  one  side,   while  thermometer  No.  Z  and  compensating-lead 
No.   1  were  in  series  on  the  other  side.     These  connections  (    Fig.   3) 
are  lettered  T, ,  C^on  the  left  -  T^  and  C  ,  on  the  right.       In  dif- 
ferential connections,    the  need  for  the  compensation  leads  is  very 
much  reduced,  but  in  the  present  instance,   they  were   kept  in  to  be 
on  the  safe  side,   especially  in  view  of  the   fact  that  the  depth  of 
immersion  of  the  two   therraometere  was  not  quite  the  same. 

The  wire   for  these  thermometers  was  obtained   from  the  Cambridge 
Scientific  Instrument  Co.,  Ltd.,   very  pure  and  recommended  by  them 
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for  therooiaeter  work,   in  which  they  make  a  specialty.     The  diameter 
of  the  wire  was  about  0.03  nin. ,    and  its  length  such  as  to  give  a  change 
in  resistance  of  about  11  ohms  for  a  change  in  temperature   from  0^  C 
to  100     C.       It  was  wound  upon  the  usual  crossed  mica  frames  in  the 
form  of  a  compact  cube   approximately  5  mm.  each  way.         The   fineness 
of  the  wire   and  the   compactnass  of  its  mounting  was   for  the   purpose  of 
allowing  exploration  of  the  space  on  the  low-pressure  side  of  the 
plug. 

The  leads  were   sealed  into  the  ends  of  a  glass  tube  as  appears 
at  T,    or  T     Fig.  4,    and  passed  thence  up  the  tube   and  out  through 
a  wax-sealed  joint  into  the  room  whencethey  were  connected  to  the 
bridge  by  heavy  No.   14  lamp-cord  about  3  meters  long  each.     Only 
two  leads  are  indicated  in  the  diagram  at  the  bottom. 

The  thermometer  coils  were  exposed  to  the   flowing  air  in  some 
of  the  preliminary  experiments,   and  later  copper  foil  caps  indicated 
by  the  dotted  lines  at  Ti    and  T^^  were  slipped  on.       This  made  the  gal- 
vanometer considerably  steadier  and  did  not  introduce  an  objectionable 
lag  because  the  copper  caps  should  take  the  temperature  of  the  gas  before 
the  walls  of  the  enclosure. 

The  glass  tubes  containing  the  leads  were  enclosed  in  larger  brass 
tubas  of  l/S"  pipe  size  (  the  brass  tube  for  T|  shewn  in  the  diagram 
is  larger  than  natural  size)   which  came  in  contact  with  the  bath  and 
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allowed  air«connection  to   the   differential  manometer.     The   immer- 
sion of  T,   was  about  44  C3i.    and   that  of  T^about  34  cm.    under  the 
bath.     The  latter  immersion  was  extended  by  a  lagged  air-space  above 
the  bath's  surface  by  about  12  cm.     This  was  thought  sufficient  to 
eliminate   the  effect  of  heat  conduction  along  the  leads  inside  the 
glass  tubes  in  spite  of  the  stagnant  air-space  by  which  the  leads 
were  surrounded. 

Electrical  insulation  proved  to  have  been  amply  provided  for. 
Repeated   tests  of  this  were  made;   in  fact,   the  bridge  wiring  was 
srran^d  so  that  the   thermometer  insulations  between  pairs  of  leads 
could  be  coupled  in  parallel  and  the  combination  thrown  in  series  with 
the  galvanometer  end  a  battery  of  30  volta.     This  test,   as  a  matter  of 
precaution?  was  made     for  nearly  every  run  and  in  dry  weather  the  gal- 
vanometer was  not  sensibly  deflected,   while  in  one  or  two  instances 
in  damp  weather  a  film  seemed  to   form  on  the  outside  insulation  whose 
resistance  was  of  the  order  of  20  megohms.     This  obviously  would  not 
affect  the  measurements. 

Several  tests  were  made   for  a  possible  effect  of  pressure  on 
the  resistance  of  the  thermometers  but  none  was   found. 

Callendar'a  formulae  for  the  convenient  computation  of  tempera- 
tures «u'e:- 
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t      »  100  R  »  Re      (  defining  the  "platinum  scale")   ..  (5) 

^   R..-;  Ro 
and  t  -  tp=  o(e.01  t-1  )  x  0.01  t  (correcting  to  the  hydrogen 

Bcale  (6) 

where  '^   is  found  by  experiment,  and  for  pure  platinum  has  a  value 
1.50.   This  value  as  given  by  the  Cambridge  Scientific  Co.  for  the 
specimen  of  wire  purchased  from  thtm  was  accepted  for  the  present 
investigation.   As  will  be  seen  below  the  total  correction  intro- 
duced by  the  second  relation  would  not  exceed  1.5  percent  of  the 
observed  temperature  drop  between  0  °and  100**. 

Thus,  if  At  is  a  small  temperature  change,  then  from  the  second 
formula  we  get 

At  =    At   ji  .  2^     (    t  -  50  )y  ^ 

=  Atp\   1  ♦   0.0003  (    t  -  50  )V      C') 

to   the   first  order  of  approximation  where  %  =  1.5.       The  greatest 
value  that  the  correction  term  c;  n  have  between  O'^and  100**       ie 
obviously  l.Sjt,    and  a  small  error  in  the  corrective  term  would  be 
negligible.     For,    as  will  be  seeb  later,   the   accidental  errors  in  the 
determination  of  the  Joule-Thomson  coefficient  are  of  the  order  of 
one  percent. 

The  above  correction  was  applied  in  the  form 

M  =  ii^Jl  ♦   0.0003   (    t  -  50  )\         (8) 


31 


platinum  degrees  and  \i  is  the  siune  in  terms  of  the  gas-scale. 
(   The  distinction  between  the  hydrogen  and  aitrogen  scales  need 
not  be  drawn  for  these  measurements). 

The  values  of  the   f -and amen tal  intervals,   i.e.  R^^qq  •  Rq       :• 

Thermometer  T|  Thermometer  T^ 

May  12,   1915  10.952  ohms  10.930  ohms 

"   14,       "  10.963       "  10.932       " 

Accurate  knowledge  of  the  fundamental  interval  of  thermometer 
Tj^is  all   that  is  necessary,    for  that  is  the  one  whose   resistance 
changes  when  the  pressure  drop  is  chan^d,   the  other  thermometer  on 
the  high  pressure  side  remaining  constant  at  the  temperature  of  the 
bath.       The  weighted  mean   for  Ta.  ia 
10.932  ohms. 

The  above  tests  were  made  with  currents  of  air  flowing  past 
the  coil  at  two   speeds  and  with  the  air  stagnant.     No  variation  of 
consequence  occurred. 

As  a  further  index  on  the  stability  of  these  thermometers^   tests 
were  made   covering  a  year  or  more  previously  with  ample   constancy. 
These  previous   figures  are  not  of  use  here,  however,   owing  to  nec- 
essary repairs  to  the   com^nsation  leads  Just  before  last  tests  were 
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Correction  for  heating  due  to  current:*     The  bridge  current,   of 
course,   heats  to  some  extent  the  thermometer  coils  themselves  and 
this  must  be  allowed   for.        Since   the  liberatian  of  heat  is  pro- 
portional to  the  square  of  the  current,     the  resulting  small  rise 
in  temperature  should   follow  the  same  lew.       Callendar's  method 
is  to  double  the  bridge  current  and  subtract  l/3  the  difference  of 
the  two  settings   from  the   first  setting.       The  author  found  it  a 
little  mo  re  convenient  to  increase  the  bridge  current  in  the  ratio 
1:    i!2.         Thus  the   correction  is   immediately  the  difference   in  the 
two  bridge  settingp. 

yoreover,   in  order  to  make  certain  that  this  rule  held  under 
the  present  conditions  a  direct  test  was  made  with  bridge  currents 
in  the  ratio  1:2   :   2.5   :  4  .       The  linear  relation  between  the  bridge 
readings  and  the  square  of  the   current  was  satisfactory.       This  held 
also  in  varying  currents  of  air.       Thus  where   the  rates  of  flow 
were  0,   2.9,  19,   36,   80,  132  aid     250  cc/sec     the  corrected  bridge 

readings  were  0?016,   0?018,   0?015,   0?015,   0?0l5r,   0?015,  0?014  respec- 
tively (   reckoning  from  an  arbitrary  zero). 

The  order  of  magnitude  of  the  heating  correction  in  the   final 
runs  was  0?01. 

Incidentally  the  above  data  show  that  there  was  no  doubt  as  to 
the   length  of  spiral  being  sufficient  to  give  the  gas  the  temperature 
of  the  bath. 


Converaion  of  Bridg;e  Readings   to  Degrees:-  After  this 

heating  correction  has  been  applied   the  differential  reading  may 
be  converted  into  degrees  by  a  multiplying  factor  which  is  obtained 
as   follows; 

The  unit  for  reading  off  settings  was  taken  as  one  rev- 
olution of  the  slide  wire  drum  and  is  called  the  "bridge  unit" 
hereafter.     Repeated  standardizations  of  the  wire  at  four  differ- 
ent dates  in  terms  of  the  calibrated  ohm  gave  tbe  value 
0.005666  ohms  per  bridge  unit 
Combining  this  with  the   figure   just  given  of  1C.932  ohms  per 
lOO"  C     we  get  the   factor 

0.05178     degrees  per  bridge  unit. 
Its   four-place  logarithm, 
"8.7142, 
is  amply  accurate  for  the  present  purpose. 

Finally  the   factor  given  by  formula  (7)  will  convert  to  the 
gas  scale  according  to  the  temperature,   or  formula  (8)    for  the  corre- 
sponding values  of  (i. 


The     porous  plug  .  The  form  of  plug  finally  adopted 

2 

was  suggested  by  Regnault  in  the  research  already  alluded  to. 

The  same  principle  has  been  published  independently  by  Burnett  and 
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Roebuck  ?  Its  longitudinal  section  is  shown  in  Fig.  4  by  the 
dotted  shading  the  material  being  earthenware  •  a  pasteur  filter. 
As  may  be  seen,  the  flow  of  gas  through  the  plug  is  radial  toward 
an  axis,  and  after  passing  through  the  plug  wall  its  outflow  takes 
place  parallel  to  the  axis.  The  purpose  of  this  construction  is 
to  furnish  thermal  protection  and  obviously  this  can  be  done  more 
thoroughly  with  this  type  than  is  possible  with  the  straight-flow 
type  of  Joule  and  Thomson. 

The  whole  arrengsment  (   Fig.  4  )   is  immersed  in  the  bath 
whose  surface   is  44  cm.    above  the  point  T, .     Air,  after  traversing 
about  8  metere  of  pipe   passes     T|    enters  the  plug  casing  at  C  and 
travels  upward  between  the  wall  of  the  casing  and  a  bright  tinned 
radiation  shield  ssss,    as  is  indicated  by  the  arrows.     After  pass- 
ing over  the   top  of  the  radiation  shield  it   fills   the   space  immediate- 
ly outside  the  wall  of  the  plug  through  which  it  flows  in  two  streams, 
divided  by  the  "guard  ring"  gg.     Within  the  plug  is  a  glass  tube  t  t 
which  constrains  the  lower  stream  to  pass,    all  of  it,   past  the  ther- 
mometer T^  while  the  upper  stream  is   kept   from  passing  the   thermome- 
ter.    Both  streams  pass  out  finally  at  the   top. 

The  purpose  of  the  guard  ring  is  to   avoid  errors  arising 
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frott  conduction  of  heat  along  the  material  of  the  plug   from  its 
mounting  FF  and  ultimately  reaching  the   thermometer  inside. 

The  temperature  of  the  plug  in  general  is  different  from  that 
of  the  casing.       Radiation  between  the  two  would  introduce  en  error. 
The  radiation  shield  is  to  prevent  this.       As  will  be  seen  later,   the 
radiation  shield  is  unnecessary  but  it  is  retained  as  a  precaution, 
and  the  presence    of  a  single  shield  is   free   from  objection. 

The  construction  of  the  plug  casing  (    Fig.  4)   permits   the  use 
of  the  principle  of  interchangeable  partsr*     It  may  be  seen  there  that 
different  plugs  may  be     bolted  in  and  different  sizes  of  casing  as 
well.       This  proved  a  valuable   feature  in  the  preliminnry  experiients. 

Fig.   5  shows  a  view  of  the  plug-casing     worm     and  the  thermom* 
eter  stems  T,  and  T^^  .     C     is  a  double-walled  can  insulated  with  asbes- 
tos.    Its  purpose  was  to  extend  the  immersion  of  T^  above  the  level  of 
the  bath  BB  (    which  is  about  90  cm.   above  the  table).     A  indicates  the 
level  of  the  top  of  the  bath  cover  with  its  insulation  and  AB  gives  an 
idea*   of  the  thickness  of  the  cover  of  the  bath.     II  shows  the  inter- 
changer  already  described. 

Fig.   6  shows  a  general  view  of  the  apparatus  exclusive  of  the 
compressor.      In  the   foregeound  is  a  steam  boiler  for   jacket  heating 
which  was  not  used.  Next  is  tlM  bath  situated  within  the  legs  of  a  work' 
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table     upon  which  are    fastened  svitches,   stirrer,  motor  and  manom* 
eters,   the  latter  fastened  to  the  tall  board  at  the  rear.       In  the 
background   at  the  rig^t  is  the  telescope   for  reading  the  manometer, 
and   at  the  left  are  the  bridge  and  thermostat  galvanometers.     Under 
these  is  a  table  upon  which  rest  the  bridge  and  accessories.     The 
cables  leading  to  the  bridge   from  the  thermometers  are  seen  over« 
head  and  dropping  down  to  the  bridge  proper  which  is  covered.     Under 
this  are  the  ratio-arms  and  the  Carey-Foster  commutator;   in  front 
is  the  eUde-vire. 

Preliminary  Experiments. 

Early  Experiments  with  straight-flow  Plug;-         A  number  of 
experiments  were  carried  out  at  the  Johns  Hopkins  University  in 
1905-6,   on  carbon  dioxide  with  a  straight-flow  plug  of  the  type 
used  in  the  Joule-Thomson  experiments.   Platinum     resistance  ther- 
oometers  were  used  and  so   arrenged  as  to  be  movable.       The  pressure- 
drops  were  of  the  order  of  one  atmosphere.       Plugs  of  various  materials 
were  tried,  eider  down,   cotton,   silk  and  paper.       A  vacuum-jacket  was 

attempted  and,  what  seemed  better,   the  guard  ring  principle  contained 
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in  a  suggestion  by  Buckingham  was  carried  out.       The  porous   olug 

was  concentric  with  a  second  annular  plug  designed  to  eliminate     lateral 
temperature  gradients. 
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The  last  arrangement  improved   things  somewhat,   giving 
one  result  in  agreement  with  those  of  Joule  and  Thomson,  but  the 
general  characteristic  of  the  experiments  was  their  lack  of  repro- 
ducibility. 

On  displacing,    for  instance,   the  low-side  thermometer  a 
stremge   tenqperature  gradient  was  observed.     The  obsexJved  cooling 
effect  continually  fell  off  as  the  thermometer  receded.     A  shift, 
for  instance,    from  1  to  4  and  6  cm.   distances     cut  the  effect  to 
about  1/2  and  l/3  respectively! 

With  varying  rates  of  flow  also  the  effect  varied,   but 
with  a  tendency  toward  a  limit  for  the  higher  speeds.     Natanson 
observed  a  variation  with  flow  also.       Perhaps  we  can  thus  account 
for  the  partiality  of  observers   for  high  flows  and  plenty  of  gas. 
In  addition  an  erroneous  amount  of  time  had  to  be  con- 
sumed before  a  steady  state  could  be  attfdned,   amounting  to  an 
hour     and  a  half  before  a  reading  for  a  single  point  could  be  taken. 
Apart  from  other  considerations  this  would  lead  to  a  large  chance 
for  error  unless  the  pressure  regulation  were  watched  very  closely. 
A  damped     oscillation  in  the  cooling-effect  similar  to  that  in  the 
Joule-Thomson  experiments  was  also  observed. 

It  was  decided,   then,  as  already  mentioned,   to  concentrate 
on  the  method  and  to  narrow  the   field  to  the  attainment  of  reliable 
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results.         What  was  to  be   desired  was  thermal  protection,    a  fine 
pressure  regulation,   and  good  temperature  control.     These  have 
been  attacked  in   a  manner  already  taken  up  in   the  d**oriptioa 
of  the   final  apparatus.       They  have  been  carried  out  in  the  Rouss 
Physical  Laboratory  of  the  University  of  Virginia. 

Later  Preliminary  Experiments  with  Radial  Flow  Plug 
Exploration., 
Referring  to  Fig.  4  it  will  be  remembered  that  the  ther!ac)meter 
T^was  capable  of  being  shifted  throughout  the  entire  length  of 
the  plug«     In  the  initial  explorations  the  inner  tube     tt  had  not 
been  introduced.       The  temperature  distribution  was   fairly  uniform 
except  above  the  middle,    and  the  correction  for  the  heating  of  the 
therniDffleters  due  to  the  bridge  current  was  much  larger  at  the  bottom 
of  the  plug,  where  the  air-flow  was  slow,   than  at  the  top.       The 
introduction     of  the  tube  and  guard  ring  not  only  reduced  this  cor- 
rection to  be  applied  but  rendered  the  temperature  distribution  along 
the  tube  uniform  to  the  order  of  o.OOl   .       Closer  tests  than  tMs  were 
not  pressing  nor  possible   for  the  time- fluctuations  due  to  bath  and 
pressure     fluctuations  were  of  this  order  of  magnitude. 

Rate  of  Flow;-  This  was  separately  measured  by  collect- 

ing the     gas  over  a  pneumatic  trough.     Roughly  the  linear  speed  was 
found  to  be  directly  proportional  to  the  pressure  drop  and  independent 
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of  the  absolute  pressuree,   and  hence  of  density.  The   result  can 
therefore  be  simply  expressed  by  a  single  number,  namely  2.3  cm. 
per  sec.   per  cm.   drop  of  mercury.       In  the  final  runs  this  would 
mean  a  maximum  speed  within  the  tube  tt  of  180  cm.   per  sec,   a  little 
more  than  this  at  the  bottom  of  t  t  and  about  double  this  around  the 
thermometer  caps.     In  the  spiral  leading  into  the  plug«housing  ,   the 
speed  was  about  the  same. 

"Velocity  cooling?*      The  upper  limit    of  the  possible  errors 
arising  from  the  chenge  in  kinetic  energy  involved  in  the  above 
variation  of  speeds  was  computed   to  be  of  the  order  of  magnitude 
of  0?C04  C.         Actually  none  was  obeervable.       For,    in  a  run  with 
the  plug  removed  end  with  speeds  of  flow  in  the  ratios  50:100:2.00 
:330  the  bridge  readings  in  terms  of  en   arbitrary  zero  were  0?O37, 
0?C38,  0?038,   0?038  r*Bpectively.     The   fastest  flow  exceeded  the 
limit  for  the   final  runs.       This  run  was  taken  with  the  thermcmeter 
caps  on  when  the  error   from  velocity  cooling  should  be  a  maximxun  as 
is  plain  from  a  glance  at  Fig.  4.     For  when  the  caps  are  removed  the 
speed  of  air  past  the  tbermometer     coils  would  be  less. 

Effect  of  Varying  Ratee^  o,f  Flow  upon  the  Observed  Temperature  Drop. 
These  observations  are  depicted  graphically  in  Fig.  7.     Curve  2 
was  tuken  with  the  plug  whose  characteristic  rate  of  flow  has  just 
been  given,   nemely  2.3  cm.   per  sec.  per  cm.   pressure  drop.     Curve  X 
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applies  to  the   eece  plug  wrapped  with  rubber  bends  till  its  char- 
acteriatlc   flow  was  C,7  ea  great,  while  curve  3  is   for  a  plaster  of 
Paris  plug  whose   flow  was  3  times  as  great. 

The   first  essential  feature  of  these  curves  is  that  they  are 
straight  lines  within  the   error  of  experiment  except  near  the  origin. 
(This  is  true  net  only  in  t^iS  preliminary  tut  in  t^ie    final  runs)       Here 
the  point*  were  ec  irregularly  distributed  that  they  have  teen  omitted 
from  the   diagram.        The  cauee  may  have  been   that  with  tl^ie   very  slow  flow 
of  gas,   the  steady  state  may  not  have  teen  reached,   er,  what  is  mere 
probable  under  these  conditions  some  slight  heat  leakage  produces 
relatively  larger  teaperature  errors  near  the  origin. 

The  latter  ceuse,   beet  leakage,   evidently  applies  in  regard 
to  the  second  essential   feature,  namely  that  th«  acre  rapid   flow  the 
nearer  the   curre  approaches   tc   the  ideal  of  passing  through  the  origin. 

A  third   feature  is  that  tbeac   lines  are  sensibly  parallel, 
which  will  be    taken  up  later. 

Heat  leakage  by  conduction;*         The  nature  of  this  heat 
leakage  was  sought  in  conduction,    radiation  and  convection.     Con- 
duction through  the  gas  does  not  seem  probable.     The  only  remaining 
path  would  be  along  tke  materiel  of  the  plug.   This  point  was  tested 
by  shifting  the   guard-ring   from  a  position  1.5  cm.    from  the  plug  flange  TT 
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(   Fig.  4}   to  e  point  5.5  cm.   therefrom.     Th«  results  bb  ehown  by  the 
ringB  and  croseee  (   Fig.   7)   rule  out  this  source  of  error,   the   curves 
(  No.  2}   in  these  twc    cases  heing  indistinguishekle. 

Heat  leakage  by  radiBtion;«  Since  the  surface  of  the  plug  must 

be  at  a  different  (    lower  in  case  of  air)    temperature   from  that  of  the 
walla  of  the  plug  casing,   heat  may  pass  by  radiation  across  the  annular 
space  between  them  and  thus  reach  the  interior  without  being  absorbed 
by  the  gas  itaelf,   end  ee  en  error  may  be  introduced.     This  was   first 
tested  by  comparing  runs  with  the  dark  iron  ceeing  walls  lined  with 
bright  tin  and  then  without  the  tin.     There  'vas  no  systematic  differ- 
ence.    Again   8  trial  was  made  with  3  radiation  shields  on  the  one  hand, 
disposed  as  in  Fig.  8,   in  a  large  casing  and  on  the  other  with  no  radia- 
tion shields  at  all, the  casingbEqppening  to  be  that  shown  in  Fig.  4. 
Fig.  9  shows  that  these  results  too  ere  indistinguisheble.     Radiation, 
then,  is  not  to  be  looked  for  to  explain  the  depression  of  these  lines 
nor  as  a  serious  source  of  error. 

Heat  leakage  by  convection;-         A  turbulent  motion  of  the  gas 
surrounding  the  plug  could  convey  heat  across   from  the  walls  of  the 
casing  by  a  sort  of  to-  and    fro  motion  witl'iout  pennanent  absorption.' 
If  80   an  incrfiase  in  the  inside  diameter  of  the  casing  should  reduce 
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this  errcr  and  shift  the  lines  nearer  to  the  origin.     Now  in  the 
experimente  of  Fig.   9  (   no  shield),  the  apece  between  the  welle 
and   the  plug  was   about  6  mm.    thick  about  twice   as  thick  as   for  the 
experimente  of  Fig.  7.     The  curve  of  Fig.   9  peeees  much  nearer  to 
the  origin.     Consequently  convection  must  play  a  part. 

It  was  not  thou^Jit  worth  lAiile  to  push  these  experimente 
further,   the  practical  limit  being  apparently  reached  in    the  exper- 
iments of  Fig.   9, 

Effect  c  f  densitj,^  on   the  appro^ech  to   the  ori^in;- 
For  greater  densities  end  consequently  greater  volvunetric  thermal 
capacity  it  would  be  expected  that  these  curves  would  pass  nearer 
the  origin.     This  is  borne  out  by  the  curves  of  Fig.  10  as  well  as 
by  the  result*  of  the  subsequent   final  runs  (   of  which  these   are  the 
first).     These  curves  hsve  different  slopes   too,  but  that  is  an 
independent  matter  to  be  discussed  presently. 

Derivation  of  the  Joule -Thoiascn  Coefficient  ^ 

Under  the  head  "remfirks  on  theory"  it  was  pointed  out  that 
|i  is  equal  to  the  slope  of  the  tangent  to   a  curve  H  =  const,   in 
the  t-p  plane. 

Now  considering  the   type  of  curves  plotted  in  Figs.  7,9  end 
10,   each  curve  may  be  considered  as  made  up  of  two  portions,   the 
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Iprger  being  rectilinear,   e.  amaller,    curvilinear  (   not  drawn), 
connecting  the  lower  end  of  the  other  with  the  origin.     Now,   by 
considering  experiments  carried  out  at  euccessivcly  increasing  abso- 
lute pressures,   it  should  be  possible  to  construct  curves  represent- 
ing the  integrated  effect  over  a  wider  range  of  pressure  drops  than 
is  carried  out  in   these  experiments.       This  curve  should  be  a  smooth 
curve.     With  the   former  portion  it  is  possible  to  do  this,  with  the 
latter  impossible;  end  being  in  addition  non-reproducible  the  letter 
portions  ere  meaning  less  and  so  are   rejected. 

Confining  ourselves,    then,   to   the  straight  portions  it  seems 
highly  probable  that  if  we  could  take  a  hig)i  value  of  the  density 
and  hence  of  volumetric  thermal  capacity  and  then  increase   the  rate 
of  flow  ir(Jefinitely     we  should  get  a  series  of  parallel  straight 
lines  whose  limit  would  be  a  single  parallel  straight  line  pesfling 
through  the  origin.     This  inference  is  based  on  results  such  as 
are  depicted  in  FlgK.  7,9  end  IC. 

The  slope  of  this  limiting  line  would  then  be  the  true   value 
of  \i,     The«fore  the  slopes  of  the   actual  lines  would  giwe  very  near, 
if  not  actually  within   the  ordinary  accidental  errors  of  obsertvation, 
thfe   true  values  of  n.        Further  these   lines  pass  so  near  the  origin 
under  the   final  conditions  thet  an  oversight  of  this  point  would  not 


introduce   a  very  greet  error  (   Figs.   9  and  10  )    eay  4  to  6 
percent  taking  their  extreme  points  end  the  origin. 

Looking  at  the  matter  from  a  little  different  point  of  view 
it  eppeers  that  the  thennal  leakage  ie  a  constant  quantity,  else 
the  change  in  the  rate  of  flow  would  change  the  slopes  of  the  lines 
ae  well.       Now  the  variation  in  H  would  be  measured  by  the  variation 
in   this  leakage.  If  so  then,   the  straight  lines  are  lines  of  constant 
K.      Further,    any  residual   veriaticn   in  H  is  minimiEed   relatively  with 
the  increased  rates  of  flow  characteristic  of  the  portion  of  the 
diagram  removed   from  the  origin.       It  must  be   admitted,   however,   that 
there  remains  a  difficulty  in  explaining  this   apparently  constant 
heat  leakage. 

Another  bit  of  corroborative  evidence  may  be  mentioned  here. 
From  Fig.   10  it  will  be  noted  that  et  the  higher  absolute  preesuree 
the  lines   are   flatter.     Hence  an  integrated  Joule-Thomson  effect 
extended  over  a  fairly  wide  range  would  be  represented  by  a  curve 
concave  downward.       This  curvature,   however,  ie  too   slight  to  be 
noticeable  in  the  limited  range  of  pressure-drop     in  a  single  exper- 
iment.      Now  the  same  type  of  curvature  is  obtained  by  Dalton  (    loc. 
cit.)   in  curves  computed   for  hydrogen   from  the  empirical  isothermal  of 
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Kamerlingh  Onnes,    and  applied  tc  all  gesee  by  the  law  of  corre- 
sponding stbtee. 

Values   for  the  abeolute  pregeuree  and  temperatures;-  Follow- 
ing upon  what  haa  been  said  under  "remarks  on  theory"     the  appro- 
priate 8b8olut«  teifipereture  and  presaure  to  select  are  obviously 
those  of  the  mid-point  of  the  limited  straight  lines  of  the  dia- 
grams Fig.   IC.       The  temperature  drop  in  degrees  is  so  slight  that 
the   temperature  of   the  bath  was   kept  uncorrected. 

Zeros  of  the  differential  thermoiteters;-       Since  the  slope  is 
all  that  is  needed   the  determiijation  of  the  zero,   i.e.   for  pressure- 
drop  =  0,  was  not  required.       At  best  these  are  uncertain,    for  in 
the  present  apparatus   the  determination  should  have  to  be  made  in 
stagnant  air,   moreover  a  long   time   is  required.        Hence,    after  the 
experiments  (    Fig.   10  )    zeros  were  no  lon^r  determined. 

Effect  of  moistttre;-         This  was  not  very  great  by  test,    thus 
the  following  figures  were  obtained. 

With  long-used  calcium  chloride,   n  =  0.35  degrees  per  meter 

"     no   drying  materiale  (i  =  0.34  "         "  " 

"       new  calcium  chloride  ^  =  0.33  "         "         " 

It  her©  appears  that  the  old  materials  were  worse  than  none  and  that 

in  the   final  experiments,    the  drying  with  phosphorus  pentoxide  was 

sufficient.     It  was  used  in  all  except  those  at  30*^0,    and  there  is  no 
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indication  of  wi  error  from  this   cause  there. 
Fine!  I-xj3;eriment8.^ 

Between  the  months  of  August  1915  end  January  1916   fourteen 
values  of  the  Joule-Thomson  coefficient  were  measured.     These 
accord  very  well  with  a  general  formula  as  will  be  shown  presently 
and  this  ie  taken  as  an  index  of  their  reproducitility. 

Table  I  is  a  B,pecimen  of  a  single  day's  obscrvetione.     It  will 
be  noticed  that  the  bath  temperature  was  read  on  a  thermoiBeter  stand- 
ardized by  the  Physikalische  Technicheche  Reicheanstelt.     The  correct- 
ions were  too  email  to  be  needed.     The  barometer  readings  were   taken 
for  the  purpose  of  finding  the  absolute  pressures  of  the  experiment. 
The  test  for  bridge  leak  was  omitted,   by  inadvertence,  on  this  day. 
Dry  days,   however,   uniformly  were  days  of  no  leak.     This  omieeion  is 
exceptional  nevertheless. 

Column  No.  I  gives  the  time  of  the  observation.  It  will  be 
noticed  that  the  steady  stete  is  obtained  in  a  relatively  short 
time.  Each  point  is  computed  from  the  observations  in  a  single 
horisontal  row,  set  off  by  the  horixontal  lines.  Column  Mo.  2 
shows  the  perfcrmance  of  the  thermestet  as  read  en  a  Beckmenn 
thermcmeter.  The  jacket  temperature  recorded  in  Column  3  is  of 
minor  importance  and  refers  to  the  temperature  in  the  air  space 
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space   surrounding  the  bath.         The  room   temperature   in  Column  4 
was  for  the  particular  purpose  of  reducing  the  menometer  readings 
to  O^'c.         The  thermcnetere  usere   close  tc  the  manometer.       In 
Column  5  are   given  both  the  readings  of  the  dial  gauge  and  the  piston 
gauge  communicating  with  the  high  pressure  side  of  the  plug.       At  the 
bottom  is   the  computation  reducing  the  piston  geuge  readings  to  meters 
of  mercury  (   6.832)   and  also  computing  the  mean  pressure  of  the  exper- 
iment (6.332).       Columns  6  and  7   give   the  readings  on  the  manometer 
measuring  the  pressure  difference  between  the  two  sides  of  the  plug. 
In  this  the  height  of  the  meniscus  is  taken  as  well.       The  double 
underscored  numbers  are   the   final  values  of  the  reedings  on  the 
manometer  computed  from  the  telescope  settings.       Columns  B  end  9 
contain  the  record  of  the  bridge  settings   for  measuring  the  temperature 
drop,    two  columns  being  needed   for  the  traneposinge  of  resistances 
characteristic  of  the  Carey  Foster  method.       The  whole  numbers  under 
R  end  B  are   the  bridge     readings  as    far  as  the  unit  revolutions  of  the 
slide  wire  drums  go  end  the  numbers   following  sre   the  fractions  thereof. 
A  unit,    in  the  lest  pi  see   corresponds  tc  approximately     0.001  in  the 
same  column.  The  numbers  0,4^     2     refer     tc  the  ratios  of  the  bridge 
currents.  By  taking  the  difference  of  the  means  under -J  2  end  2  the 
correction  for  the  heating  effect  of  the  bridge   current  is  obtained, 
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which  epplied  to  the  mean     under^2  gives  the  computed  setting  fcr 
tero  current  -  c  process  elreedy  explained.     This  computed  value 
is  found   at  the   lower  left  hand   comer  of  each  block  of  bridge 
settings.     The  nutsber  in  parenthesis  between  the  two   coluons  is 
simply  a  check  obtained  by  adding  up  the  two  readings  as  above 
corrected,    and  corresponds  to  the  mid-point  of  the  bridge.     It 
should  be  practically  a  constant.       The  variations  exhibited 
correspond  to  a  maximum  of  C?002.       Column  10  gives  the  differ- 
ence in  temperature  expressed  not  in  degrees  but  in  the  slide  wire 
readings.  The  approximate  value  of  a  unit  in  the  last  plnce  is 
0?0005C   .     The  reduction  to  degrees  need  not  be  made  until  after 
the       Joule-Thomson     coefficient  is  calculated  in  bridge  units. 
Column  11  gives  the   calculated  value  of  the  pressure  drop  with  the 
corrections  for  temperature  and  capillarity  applied  respectively.     The 
column  headed  Remerkg  does  not  call  for  special  mention  except  per- 
haps in  regard  to  the  phosphorus  pentoxide.     It  will  be  noticed  that 
the  pentoxide  remained  white  except    near  the  end  of  the  experiment. 
This  is  taken  to  indicate  that  the  air  has  been  reasonably  dry  for 
the  purposes  of  the  experiment.  The  pentoxide  was  placed  in  a  drying 
tube  provided  with  a  glass  window  for  constant  inspection  during  a  run. 
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Calcultttion,  of  the  Joule-Thomeon  Cofefficient., 
In  Table  II  are  aseembled  the  reduced  obeervations  cf  the  dif- 
ferent experiments,  with  dates,   bath  teisperatures  end  preeeures  in 
the  first  three  ccluims.       The  pressure  ie  a  mean  value  computed 
in  eccordence  with  the  procedure  already  explained.     Column  4  gives 
the  pressure  drop  reduced  to  0°C       and  corrected  for  capillerity. 
The  bridge  readings  ere  given  with  reference  to  an  arbitrary  rero 
since,    for  reasons  given  above  the  slope  of  the  graphs  of  pressure* 
drop  and  temperature  drop  are  all  that     are  needed.       The  meaaure- 
ments  at  30°,  however,   are  an  exception,   the  zeros  there  being  care* 
fully  determined.       Fig.   10  is  plotted    from  these  observations.     The 
intercepts  on  the  temperature  axis  (    column  IC)   therefore  ere  known 
to  their  ebsolute  value  only  in  this   group.       Their  progression  shows 
numerically  the  closer  proximity  to  the  origin  of  those  lines  taken 
at  the  hi^er  pressures.       In  the  remaining  groups,    the  intercepts 
are  known  only  to  an  additive  constent,   but  this  progression  ie  re- 
peated  except  for  the  last  intercept. 

Columns  6,7  and  10  are  calculated    from  these  obeervaticns  by 
the  method  of  least  squares  kindly  done  under  the  direction  of  my 
colleague  Dr.  S.  A.  Mitchell,   Professor  of  Astronomy.     The  slopes 
(column  6)  when  reduced  to   degrees  will  be  the  adopted  values  of  the 
Joule-Thomscn  coefficient. 
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Table  II. 


Date 


2                  3  4 

Bath         Pres-  Preeeure 

temp.       Bur©  drop 

(metere)  (meters) 


5                  6  9             10 

Bridge       Slope  Residuale                               In.ier 

readinge     (Bridge  7                     8          Wt.         cepte. 

unite  Bridge       degrees 

per  meter.  unite 


1916 

Jen. 10     15.9         2.45 

2.65 


.763 
.260 
.694 
.263 


•14.26 
•10.75 
•13.53 
•10.85 


0.698 


0.622 


0.2 


0.3 


1915 

Aug.   20     3050       2.49 


23 


4.48 


.792 
.599 
.311 
.241 
.697 
.631 
.298 
.199 


0.636 


0.607 


-0.01 

♦  0.02 
0.00 

«C.01 

-0.01 
0.00 

♦  0.03 
-0.03 


-0,0005 
♦  0.001 

.0000 
-0.0005 
-0.C005 
C.OOOO 
+0.0015 
-C.0015 


1.0 


1.0 


-0.34 


•0.24 


26         "  6.40 


.726 
.620 
.310 
.255 


0.588 


•0.01  '  -0.0005 
-0.02     -0.001         1. 
0.00       0.0000 
'0.01     ♦0.0005 


•0.19 


Nov. 24     50.0       2.50 


.747 
.653 
.343 
.264 


4.12 
3.54 
1.64 
1.39 


0.560 


♦  0.02     ♦  0,001 
-0.03     -0.0015 

♦  0.01     ♦0.0OB5 
0.00  ,     0.0000 


1.0 


•0.08 


Mov.   29       "         4.50 


.820 
.689 
.309 
.193 


4.37 
3.77 
1.71 
1.03 


0.535 


-0.05  I  -0.C025 

♦  0.05     ♦0.0025 

♦  0.03  '  ♦O.OOIS 
-0.03     -0.0015 


0.5 


►0.03 


Dec.   1 


6.33 


.790 
.711 
.307 
.193 


4.28 
3.90 
1,74 
1.14 


0.529 


-0.02 

♦  0.02 
0.00 

♦  0.01 


•0.001 
K  0.001 
C.OOOO 
'0.0005 


1.0 


0.12 
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Table  II.    continued. 


12                  3456  91D 

Bath       Pres-             Pressure         Bridge       Slope  Residuals  I^- 

Dete         temp,     sure                   drop          Readirigs     (Bridge           7  8  ter- 

(meters)       (meters)                             units             Bridge  degrees    Wt.       cepte 


per  meter)       units 


2.53  .500  2.54  0.496 


4.36  .497  2.66  0.480 


6.40  .498  2.70  0.468 


.769 

3.93 

.500 

2.54 

.259 

1.41 

.747 

3.84 

.497 

2.66 

.247 

1.44 

.718 

3.72 

.498 

2.70 

.255 

1.55 

.746 

4.87 

.509 

3.83 

.257 

2.71 

.747 

4.91 

.495 

3.88 

.246 

2.81 

.743 

3.51 

.506 

2.60 

.283 

1.52 

4  0.02 

4  0.001 

-C.04 

-0.002 

1.0 

40.1 

+  0.02 

♦  C.OCl 

-C.Ol 

-0.0005 

♦  0.01 

4  0.0005 

1.0 

4  0.26 

-C.Ol 

-0.0005 

0.00 

0.0000 

4  0.01 

40.0005 

1.0 

40.36 

0.00 

0.0000 

0.00 

0.0000 

0.00 

0.0000 

1.0 

41.57 

0.00 

0.0000 

-C.Ol 

-0.0005 

4  0.02 

4  0.001 

1.0 

41.78 

-C.Ol 

-0.0005 

-0.02 

-0.001 

+  0.04 

4  0.002 

1.0 

4  0.51 

-0.02 

-0.001 

90?0       2.44  .509  3.83  0.441 


4.52  .495  3.88  0.421 


0.406 


6.35 
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Especial  attention  is  directed  to  column  8  which  shows  the  ddvie- 
tione   from  the  linear  relation  of  the  observed  teropereture>drop8.     Their 
order  of  magnitude  is  seen  to  be  ofoOl  C       although  some  ere  greater 
end  seme  less.     Their  algebraic  signs  occur  in  haphazard  order  yielding 
nc  indications  of  curvature  within  the  given  limits  of  pressure  drop. 
The  observetiene  dated  Jan,   10,    1916  at  15?9     were  made  under 
such  difficult  conditions  that  the  number  of  observations  obtained  were 
insufficient  for  a  least  square  reduction.     Hence  their  weights  (    col- 
umn 9)  were  given  a  lew  value.       All  the  other  weights  were  given  the 
value  unity  except  for  the  observations  of  Nov.   29,   1915  which  was  re- 
duced owing  to  temporary  defects  in  the  pressure   control. 

A  uniformly  diminishing  value  of  the  slope  (    column  6)  with  in» 
creasing  pressure  (    column  3)   is  to  be  noted.     These  variations  ere 
linear  within  experimental  error.     The  diminution  with  increasing  tem- 
perature ie  not  linear.   (   Fig.   11  ). 

The  Joule-Thomson  coefficient  as  a  function  of  temperature  and  pressure. 
The  value  of  (i  in  bridge  units  was  converted  into  degrees  on  the  plat- 
inum scale  by  the  multiplying  factor  0.05178  (    log.  =  8.7142)   given  on 
p.  33      and  then  to   the  gas  scale  by  formuia  (8)   p.3o 

These   fourteen  reduced  values   are  arranged  in  Table  III  in  rows 
and  columns  corresponding  to  approximate  pressures  and  temperatures 
respectively.     The  precise   values  of  the  pressures   are  in  Table  II.     The 


i^eiduale  will  be  explelned  presently. 

Now  since  ^  is  linear  in  p     end  not  lineer  in  t,   the 
natural  interpclfctien  fermule  to  try  first,   is  one  of  the  first 
degree  in  p  and  the  second  in  t.       This  would  involve  a  formula  of 
five  constente.     A  least  square  computation  of  these  constonte  done 
again  under  Professor  Kitchell's  supervision  gave: 
H  =  +0.3935  -  C. 00691  p  -  0.001835t  ♦   0.00000134t^  +   0,0000325pt      Cs) 
where  \i     is  expressed  in  degrees  per  meter  of  mercury 
p       "  »  M       meters  of  mercury 

t      ••  H  M     degreee     Centigrade 

Five   ccnstwits  are  too  many  for  so  shert  a  range  and  only 
fourteen  points.         Resort  then  was  had  to  the  three-constent  formula 
already  developed  under  "Remerks  on  Theory".         A  least  square  reduction 
for  this  carried  out  by  my  aBsocipte  Professor  Sparrow  and  myself, 
yielded 

>i  =  -  0.2599  +    181.96  1       -552.42    £  ( lO) 

T  T^ 

where  T  =  273**  +  t  . 

The  manuscript  for  these  computations  has  been  preserved.  They 
are  too  long  and  ccmplicated  to  make  worth  while  their  presentation. 
Numerous  checks  were  applied  throughout  the  work,  end  the  emallness 
of  the  residuals  constitute  an  index  of  accuracy. 
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Tatle  III. 
The  Joule'Thomacn  coefficient  es  a  function  of  temperature  and  pressure 


Approximate 

15^  C 

30«  C 

50«C 

7C®C 

90^C. 

presBure. 
(meters). 

.358 

.327 

.290 

.258 

.232 

2.50 

+  .008 

+  .002 

-.002 

-.002 

+  .002 

♦  .002 

+  .001 

.000 

-.001 

+  .001 

4.5C 

.312 
-.001 

.277 
.000 

.250 
-.001 

.220 

-.001 

-.002 

-.002 

.000 

-.002 

.319 

.302 

.274 

.244 

.213 

6.40 

-.006 

.000 

+  .002 

+  .002 

-.001 

-.010 

.COO 

+  .004 

+  .003 

-.002 

Upper  line  of  residuels 
Lower  line  of  reaidulas 


five-constpnt   fcrmulfi 
three-constant  formula. 
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The  residuals   in  Table  III  are  ^-observed  minus  ji»calculated  and 
are  arranged  under  jji-observed.         The  upper  residual  in  each  case  is  that 
due   to  the   five-constant  formula,   the  lower  to   the   three-constant 
formula. 

The   five  constant  formula  naturally  coaes  closer  to  observation 
but  there  is  not  much  choice.     The  average   residual  is  rather  under 
one  percent. 

Comparison  with  other  formulae;-  The   formula  given  by  Joule 

and  Thomson  (    loc^_cii)    for  air  is 

\x  -  0.92  (   273.7   \         per  100  in  of  mercury 

or  ^i  =  0.363  (    273. 7l|^         "         meter  "         " 

At  the  ice  point  this  would  amount  to 
0.363  degs.   C.   per  meter; 
whereas   the   formulae  of  this  paper  give 
0.3935  -  0.00691  p. 
The  results  are  comparable  only  if  the  pressure   is  specified   in  the 
latter  case.     Thus  at  4.4  meters,   or  7.3  atm.   both  nunbers  agree.     This 
even  is  not  strictly  comparable  on  account  of  the  large  pressure  drops 
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(    5  or  5   etm. )    of  the  Joule -Thomeon  experiments.     Further  it  i3 
interesting  to  note   that  by  integrating  my  formula  above  between 
the  limits  of  11  and  1  atmosphere  approximately  again  the  two  numbers 
would  agree. 

The  formula  of  Rose-Innea  (    loc.   cit.),    reduced   to  meters  per 
degree,   is 

|i  =  -  0.275  +   173,8     1 

T 

It  is  based  on  the  Joule-Thomson  observations  and   fits   them  better 
than   the  original   formula  of  the   two  experimenter;?  having  two   constants. 
It  is  the  seme  in  form  as   the   first  two  terms  of  the   three-constant 
formula  (    10) . 

The  only  other  formula  which  has  been  proposed  is   that  of 
Noell       (    loc,  cit-)    already  recorded  p.S".     Where   the  two  overlap 
it  if  in  fair  agreement  with   that  of  Joule  and  Thomson.     Comparing 
his  pressure   coefficient  at  0**C  with  mine  we  have  respectively  -0.0015 
as   against  -0.0069  in  degrees  and  meters.     The   two   thus,    at  least,  have 
the  saiie  sign  and  if  mine  were   computed  on  the  basis  of  pressure  drop 
of  6  to  10  atmospheres  the  agreesnent  would  be  better,       at  least  in  the 
absolute  values  if  not  in  the  pressure  coefficient.       It  is  of  interest 
to  note  here  that  the  pressure  coefficient  of  Natanson  for  carbon  dio»- 
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ide  is  positive  end  that  his  value  is  not  in  agreetaent  with  Kester'a. 
One  would  expect,  by  the  law  of  corresponding  states  and  the  fact  that 
the  pressure  coefficient  is  independent  of  temperature  and  pressure, 
that  it  should  be  of  the  same  sign  for  all  gases. 

.^Theoretical  Deductions. 

Owing  to  the  limited  range  of  pressure  and  temperature  in  these 
experiments  and  to  the  fact  that  only  one  gas,  and  that  a  mixture, 
has  been  experimented  upon  there  is  naturally  s  limit  to  the  extent 
of  these  deductions.   Further,  it  would  be  advisable  to  give  more  defi- 
nite values  to  the  present  data  by  additional  observations,  but,  of 
course,  one  always  feels  that  way  about  any  piece  of  work;  interest- 
ing conclusions,  however,  may  be  drawn  from  the  experiments  so  far 
performed. 

There  are  two  general  fields  for  these,  the  attainment  of  the 
thermodynamic  scale  and  the  question  of  the  internal  energy  of  a  gas 
as  a  function  of  specific  volume  particularly.  Bound  up  with  these  is, 
of  course,  the  form  of  the  characteristic  equation  and  incidentally  the 
variation  of  C   with  temperature  and  pressure. 

The  last  point  will  be  taken  up  here,  as  well  as  a  consideration 
of  the  first  subject. 
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Calculation  of  the  temperature  of  ^^the  __ice  jpolrxt  on  the   the rmo dynamic 
scale   ;  -  The  general  relations  are 

T>c..       T,         J-r,  T-^  (pressure  =  const)    (11) 

V  =  vj    1  -^  100  a  )    , 

T,„-  T^=  100 
The  first  la  one  of  the   two  ways  of  integrating  equation  (2),   the 
second  gives  the  experimental  determination  of  the  mean  temperature 
coefficient  at  constant  pressure,  a,  while  tiie  last  is  a  definition. 
The  limits  of  integration  are  the  two  temperatures  of  the  ice  point 
and  the  stsam  point. 

Factoring  out  a  mean  value  of  c       which  varies  but  slightly 
within  these  limits,   calling  it  ^p  ;   calling  the  value  of  the  reuiain- 
ing  definite  integral  (   I,^^-  I„)   and  noting  that  1     =  f  c.  the  density 

Vo 

of  the  gas  at  the  given  constant  pressure  and  at  the  ice  point;  the 

combination  of  these  three  relations  results  in 

^-  =  -i  *  Tc(  T„->  100  )   p^'Cp  (  I,-  I,) 
°-  100  a 

without  approximation. 

The  last  term  on  the  right  is  a  small  correction  term  and  approxi- 
mations not  less  than  the  percentage  accuracy  of  I,-  I„i.e.  of  the  order 
of  one  percent  are  admissible.  But,  since  putting  Tq  =  273  involves 
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errors  of  but  one  tenth  this  asiount,  we  may  then  have 

To=  1  *   273  X  373       vc     P    \{    l^T  ij    (12) 

o  100  a 

32 

Now  a  has  been  determined  with  great  accuracy  by  Chappiue 

to  be 

0.00367282     degs,' 

at  one  meter  of  mercury,   the  standard  thermometric  pre88Ui*t. 

From  this 

1     =  272.0  270 
a 

Po    at  one  meter  of  mercury  is   .001293  x  100 

76 

The  data  for  "c"    vary  considerably.     The  most  recent  determina- 
tion is     by  Swann23  working  in  Professor  Callendar'e  laboratory. 
Ha   found  values  0.2417  and  0.2430  cal.   per  gn.   per  deg.   at  20®  C 
and  100°C  respectively.         A  mean  value  of 

"Cp    =>  0.242  cal.   per  gm.   per  deg. 
is  adopted  here. 

To   convert  this     into  mechanical  units  the  mean  value  adopted 

for  the  mechanical  equivalent  of  heat  is 

7 
4.18  X  10       ergs  per  cal. 

The  value  of  (   I  -  I^)    comes  out 

♦  0.000306       by  the  three-constant  formula  for  \i 

and        +0.000308       **       "       five-constant  formula  for  (i  . 
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where  the  pressure  unit  is  the  meter  of  mercury.  So  convert 
this  into  dynee  per  eq.  cm.  the  value  chosen  for  the  density 
of  mercury  and  the  value  of  g     are 

13.595  gm.   per  cm**    and  980  cm.  per  sec.^    respectively. 
C  The  value  of  g  determined  here  by  the  U.S.     C.G.S.   is 
979.937   cm.   per  aec.'J 
From  these  data  are  obtained  the  corarection  terms  to  (11) 
viz:- 

1.''091  by  the  three -constent  formula 
1.0098     "     -     five- 
or,   for  the  absolute  zero:* 

273.^36  by  the  S-constant  formula 
273.**  57    by  the  5-con8tant  formula  . 

Ibe  other  determinations  of  most  recent  date  are  by  Bucking* 
ham  (    1908)   using  the  Joule-Thomson  coefficient  for  various  gases 
adjusted  into   a  single  reduced  formula  by  the  "lair  of  corresponding 
states",   and  by  Berthelot  (1907)  using  the   characteristic  equation. 
Previously  in  190?  he  had  coraputed  values  on  the  basis  of  the  Joule- 
Thomson  effect. 

Collecting  these  results  we  have  for  T     :- 
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Author 

T. 

G88 

Method 

Source 

Buckingham 
(1908) 

273,273 
273,286 
273.049 
273.267 

Air 
CO, 

J' 

-T  effect' 

M 

Bucidngham'8   ^Jap»r 
(1908: 

Berthelot 
(1903) 

273.13 

Co, 
Air 

•• 

••       ^*  (1907; 

Berthelot 
(1907) 

273.04 
273.07 

H^in  Pt- 

•lr(l) 
(2) 

Berthelot^^     (   1907) 

273.10         "     in  verr©  dur 

273.09  N^ 


It  will  be  noted  that  my  result  is  higher  than  these;    end 
that  of  these  Buckingham's  calculations  are  higher  than  those  of 
Berthelot.       How  Berthelot  could  obtain  so  low  a  value  using  pre- 
vious values  of  the  J»T  effect  I  am  at  a  loss  to  explain,  not 
having  seen  his  calculations.     It  will  be  noted  that  hydrogen 
gives   the  most  uncertain  results. 

A  possible  explanation  for  the  behavior  of  hydrogen     that 
has  been   advanced  by  Berthelot  and  by  Rose-Innes  and  perhaps 
others  is  that  there  is  some  surface  action  or  condensation  between 
hydrogen  and   the  walls  of  the  thermemetric  vessel.     This  would 

affect  a.     Possibly  then  the  main  term,   l^   ^nd  not  the  correction 

a 
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terra    may  be  at  fault.       Hydrogen,  it  may  be  observed,    eeema  to 
do  better  in  verre  dur  than  in  platinum  iridium. 

This  surface  action  i«  a  possible  explanation  of  the  discrep- 
ancies in  all  the  gases.  In  my  own  experiments  the  only  error 
I  can  think  of  that  has  not  been  directly  tested  for  is  th&t     arising 

from  heat  conduction   along  the   thermometer  leads.     If   found  by 
direct  test,    a  correction  factor  can  be  determined  and  applied  to 
the  present  data  on  |i.     Tt  is  proposed  to  do  this  and  in  addition 
to  repeat  the  runs  with  thermometers  of  a  different  design. 

Finally   it  is  noteworthy  here   that  an  accuracy  of  one  part 
in  27000  for  a  is  necessary  as  ggainst  only  one  part  in  100  for  \i. 

Corrections  to  the  cons tant-^ress are  air  thermometer  between  the  . 
ice  and  steam  points:-         Here  we  shall  find  a  much  closer  agree- 
ment between  my  results   end  the  calculations  of  others,    as  is  to 
be  expected. 

Let  t'    and  t  be  the   centigrade  temperatures  on  the   constant 
pressure  scale  and  on  the  thermodynamic  scales  respectively  and  T' 
an:Jr  the  same  tenqjeratures  referred  to  their  respective  absolute 
leros,   30  that  obviously  T'   =  V  -^   V   and  T  =  T„*   t   ;   let  t'   -  t  =  6, 
the  correction  sought,    and  let  finally  J   =  the  corrective  term  in 
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equation  (12),   i.e.   the  correction,   T  -  T'  which  must  be  added  to 

T'^   to  get  T^  .     Then  it   follows  that 

6=-»;t+TT*      pc^{l-l) 

where  the  I  -  I^has  the  same  significance  as  before,    the  upper 

limit  being  variable  in  the   case  of  I     .     Now  making  again  the 

same  approximations  and  remembering  that  T'  -  i,  we  get  the 

a 
final  result 

^  =^{(    t*   273   )    (    y  Ij   -  3.73  t  (    Ij  Ijl         ...(    13) 
an  equation  kindly  put  in  this  form  by.  my  associate  Professor 
Sparrow. 

Corrections  calculated  by  this  formula  for  every  10®C  are  to 
be  found  in  the  last  column  of  Table  IV  attached  to  a  table  copiee^^ 
from  Buckingham's  ^*  article  in  the  Phil.  Mag.  (1908).     The  new 
values  and  those  of  Berthelot  in  this  instance  «ure   seen  to  be  prac- 
tically identical.     Chappius  (    loc.  cit)   moreover  states  that  the  air 
and  nitrogen  scales  are  sensibly  the  same  in  this  interval;   so  that 
we  have  here  a  real  basis   for  comparison.     This  is  "o^retnmt  #ithin 
the  accuracy  of  gae  thermometry. 


Table  IV. 


THERMODYNAMIC  CORRECTIONS  TO  THE  CONSTANT  PRESSURE  NITROGEN 
SCALE  OBTAINED  BY  VARIOUS  WRITERS,   COMPARED  VTITH  THE  CORRECTIONS 
TO  THE  CONSTANT  PRESSURE  AIR  SCAl£  DEDUCED  FROM  THE 
JOULE-THOMSBDN  EFFECT.       1000  fflo.   =  pressur*. 


t^^C. 

Roee-Innes 
1901 

CEdlendar 
1903 

Berthelot 
1903 

Buckingham 
1907 

Uean 

Hoxton(Air) 
1916 

10 

0.0120 

0.0109 

0.010 

0.0078 

0.010 

C.OIOO 

20 

0.0205 

0.0188 

0.017 

0.0137 

0.017 

0.0170 

30 

0.0261 

0.0236 

0.022 

0.0179 

0.022 

0.0212 

40 

0.0288 

0.0260 

0.024 

0.0203 

0.025 

0.0235 

50 

0.0289 

0.0260 

0.024 

0.0209 

0.025 

C.0238 

>4 

60 

0.0269 

0.0240 

0.022 

0.0198 

0.023 

0.0218 

70 

0.0228 

0.0204 

0.019 

0.0172 

0.020 

0.0169 

BO 

0.0168 

0.0151 

0.014 

0.0129 

0.015 

0.0141 

90 

0.0092 

0.0081 

0.007 

0.0071 

0.008 

0.0068 
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Variation  of  e      with  pressura;*        Recant  work  of  Holbom  and 
Jacob       on  c     for  air  at  60°  C  and  at  pressures   from  1  to  200 
atmospheres  affords  a  further  comparison  of  the  present  work  with 
that  of  other  observers  in  that  the  Joule-Thoason  effect  can  be 
ultilized  to  evaluate  the  pressure  coefficient. 
Writing  equation  (2)   in  the   form 

H  Cp    =  T    llv  )   -  V 

^  Car 'f 

and  differentiating  with  respect  to  T  at  constant  p  ,  we  get 

the  last  iv\ember  following  directly  from  an  independent  well-known 
equation. 

Now  the  left  hand  member  can  be  evaluated  by  using  either  formula 
for  ti  and  Swann's  values  (    loccii)   of  Cp     and  (  ^),    •     Note  that 
in  regard  to  units  Cp      may  be  expressed  in  calories  per  gm.  per  deg. 
since  the  equation  is  homogeneous  in  that  physical  quantity.   Also 
since  |i  is  here  expressed  in  degrees  per  meter  of  mercury  and  since 
the  data  of  Holbom  and  Jacob  for  (  SCf,)    are  expressed  in  atmospheres 
tor  the  pressure  unit,    the  left  hand  member  must  be  multiplied  by 
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0.76  to  make  the  two  sets  of  results  comparable.   Finally  T  must 

be  put  equal  to  273  ♦   60  =  333,    the  temperature  of  Holborn  and 

Jacobs*    experiments. 

Now  Swenn     gives   at  one   atmosphere, 

c^  =  0.241     and  (  3c to)   =   0.000016 

then  by  the  3-constant  formula  (10)   also  at  1  atmosphere 

V.  (  ^Cj,)  =  (   0.2599   -  181.96     ♦    552.46  x  0.76)  ^  0.000016 
iT    i=      ^  333  (   333)       / 

*  0.0000047 

Cp     (  i^  )     =  0.242  (    181.96       -  1104.8  x  0.76   ) 
ST     h  (   333  )*-  (   333)^ 

=  0.0003901 

The  sum  of  these  two  (   of  which  the   first  is  almost  negligible) 

is  0.0003947.     Multiplying  by  0.76  we  get 

/  'dCf,  \-  0.000300  cal.  per  gm.   per  deg,   per  etip. 

The  value  from  Holborn  and  Jacobs*  impirieal  interpolation  formula 
is 

0.000286  cal.  per  gm.  per  deg.  per  etm, 
and  from  their  observations  at  their  lowest  pressures  (   namely  1  end 
25  atmospheres) 

0.000312  cal.   per  gm.   per  deg.   per  atm. 


67 

Thia  would  be  called  good  corroboratiV£/agr««iDent.  (  Holborn 
and  Jacobs*  empirical  formula  is 

[lO*  Cp  =  2413  ♦   2.86p  +   O.OOOSp*-  0.00001  p^J 
There  is  one  general  ^ompar^senhere  that  is  of  interest,   namely 
the  bearing  of  calorimetric  measurements  on  the  characteristic 
equation  through  the  relation 

already  employed,    and   the  direct  experiments  upon  it.     Thus  the 
tnjo  lines  of  calorimetrlc  measureraentB  oiv(    ^<^fe )    above  compared 
are  in  agreement- whereas  the  values  of  the  absolute   zero  obtained 
from  the  two  sources,   namely,    the  Joule-Thomson  effect  and  the 
characteristic  equation  are  at  some  variance.       We  are  at  least, 
then,  entitled  to  a  suggestion  that  perhaps   there  is  some  source 
of  constant  error  in  the  direct  measurements  of  the  characteristic 
equation,  say  on  the  volume  as  already  pointed  out  due  to  some 
surface   action.     Experiments  on  vol'omes  differing  in  a  large  ratio 
would  test  this  point. 
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Summary. 

JL.  Experimenta  have  been  carried  out  on  the  Joule-Thomson 
effect  for  air  using  the  radial-flow  form  of  poroue  plug,  plat- 
inum resistance  thermometers  connected  differentially,   and  a 
novel  form  of  pressure  regulator. 

2,  The  pressure  and  temperature  drops  were  small,   the   former 
lying  between  0.25  and  0.80  meters  of  mercury.     The  mean  pressure 
of  the  experiments  lay  between  4.5  and  6.4  meters  of  mercury,    the 
mean  temperatures  between  15°  C  and  90''  ^* 

3,  The  Joule-Thomson  coefficient,  (i  =  ^  ,  was  found  to  vary 
with  both  pressure  and  temperature,  being  expressible  by  either  of 
the  two  formulae: 

|i  =  ♦   0.3935  -  0.00691  p  -  0.001835  t  ♦   0.00000134t^  >   0.0000325pt 


ki  =  -0,2599  +   181.96  1     -  552.42  p     ; 
f  t2 

all  pressures  being  expressed  in  meters  of  mercury,   t  in  degrees  C, 
and  T  =  273  ♦   t. 

4.       Accidental  errors  in  these  measurements  are   reduced  to  the 
order  of  less  than  one  percent 
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^.         Values  for  the  temperatur*  of  the  ice  point  on  the 

t her mo dynamic  scale  of  temperatures  were   computed,   by  aid  of  the 

two  above   fornsulae,  resulting  in: 

273.^36  (   three-constant  formula) 

273.^37  (    five-censtant  formula) 

6.  Values   for  the   correction  to  the  constant-pressure  air 

thermometer  reducing  its  readings  to  the  thex>modynamlc  scale 
within  the   fundamental  interval  were   computed  and  tabulated  (  Table 
IV).     Good  agreement  is   found  with  the  values  of  other  writers. 


7.  Values  of  the  pressure  coefficient  of  c       are   computed 

and  compared  with  recent  work. 
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